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Saccharopine reductase (SR) (EC 1.5.1.10) is the penultimate enzyme in the 
α-aminoadipate pathway encoded by the LYS9 gene in Saccharomyces cerevisiae. 
Saccharopine reductase (SR) catalyzes the condensation of L-α-aminoadipate-δ-
semialdehyde (AASA) with L-glutamate to form an imine which is subsequently 
reduced by NADPH to give saccharopine. Kinetic studies were carried out for 
histidine-tagged saccharopine reductase from Saccharomyces cerevisiae at pH 7.0, 
suggesting a sequential mechanism with ordered addition of NADPH to the free 
enzyme followed by AASA, which adds in rapid equilibrium prior to L-glutamate in 
the forward reaction direction. In the reverse reaction direction, NADP adds to 
enzyme prior to saccharopine. Product inhibition by NADP is competitive vs. 
NADPH and noncompetitive vs. AASA and L-glutamate consistent with addition of 
the dinucleotide prior to the aldehyde; saccharopine is noncompetitive vs. NADPH, 
AASA and L-glutamate. In the direction of saccharopine oxidation, NADPH is 
competitive vs. NADP and noncompetitive vs. saccharopine, L-glutamate is 
noncompetitive vs. both NADP and saccharopine, while AASA is noncompetitive 
vs. saccharopine and uncompetitive vs. NADP. The sequential mechanism is also 
corroborated by dead-end inhibition studies using aalogs of AASA, L-glutamate, 
and saccharopine. 2-amino-6-heptenoic acid was chosen a  a dead-end analog of 
AASA and is competitive vs. AASA, uncompetitive vs. NADPH, and 
noncompetitive vs. L-glutamate. Ketoglutarate (α-Kg) served as a dead-end analog 
xv 
 
of L-glutamate and is competitive vs. L-glutamate and uncompetitive vs. L-AASA 
and NADPH. In the direction of saccharopine oxidation, N-oxalylglycine, L-
pipecolic acid, L-leucine, α-ketoglutarate, glyoxylic acid and L-ornithine were used 
as dead-end analogs of saccharopine and showed competitive inhibition vs. 
saccharopine and uncompetitive inhibition vs. NADP. All data are consistent with 
the proposed ordered mechanism. The equilibrium constant for the reaction was 
measured at pH 7.0 by monitoring the change in absorbance of NADPH when all 
reactants were present; Keq is 200
 M-1. The value is in good agreement with the value 
determined using the Haldane relationship. 
An acid-base chemical mechanism has been proposed fr SR on the basis of 
pH rate profiles and solvent deuterium kinetic isotope effects. A finite solvent 
isotope effect is observed indicating that proton(s) are in flight in the rate limiting 
step(s) and likely the same step is limiting under both limiting and saturating 
substrate concentrations. A concave upward proton inventory suggests that more 
than one proton is transferred in a single transition state, likely a conformation 
change required to open the site and release products. Two groups are involved in the 
acid-base chemistry of the reaction. One of these groups catalyzes the steps involved 
in forming the imine between the α-amine of glutamate and the aldehyde of AASA. 
The group, which has a pKa of about 8, is observed in the pH-rate profiles for V1 and 
V1/KGlu, and must be protonated for optimal activity. It is also observed in the V2 and 
V2/KSacc pH-rate profiles, and is required unprotonated. The second group, which has 
xvi 
 
a pKa of 5.6, accepts a proton from the α-amine of glutamate so that it can act as a 
nucleophile in forming a carbinolamine upon attack of the carbonyl of AASA. 
Site directed mutagenesis has been carried out to elucidate the role of D125, 
C154 and Y99 residues in the reaction catalyzed by SR. Kinetic parameters for 
single and double mutants show a sharp decrease in kcat for the mutants suggesting 
that these residues are important for the reaction. pH-rate profiles for D125A, 
C154S, Y99F, D125A-Y99F and D125A-C154S mutants indicate that these residues 
do not play the role of general acid-base catalyst in the reaction and further studies 
are required to determine the identity of the general acid-base catalyst. A possible 
candidate for the general acid-base catalyst is the primary amine of saccharopine and 
chemical modification needs to be carried out to determine its role in the reaction. 
Substrate specificity studies have been carried out using analogues of 
saccharopine and nicotinamide adenine dinucleotide. Alternative substrates have 
been used for NADPH in the forward reaction direction at pH 7.0. Inhibition studies 
using analogues of the dinucleotide show that most of the binding energy comes 
from the ADP of NADP. Replacement of the carbonyl group of nicotinamide ring 
with a thio group results in poor binding indicating that the bulky and considerably 
less electronegative sulphur results in steric hindra ce and prevention of hydrogen 
bonding in the active site of SR, as shown by the high appKm value. The 2' phosphate 
group plays a significant role in binding which is indicated by the sharp decrease in 
the V/K value when NADH is employed as an alternative substrate in the forward 
xvii 
 
reaction direction. Dead end analogues of saccharopine suggest that the carboxylate 
groups need to be flexible and orientation of the carboxylate groups is crucial to 















1-1. Amino acid biosynthesis 
Most living organisms use 20 different amino acids in order to synthesize 
proteins. Amino acid biosynthesis can be divided into the following six major 
families: 1) the aspartate family for the biosynthesis of Asp, Asn, Lys, Met, Thr, Ile; 
2) the aromatic amino acid family for the biosynthesis of Phe, Tyr and Trp; 3) the 
glutamate family for the biosynthesis of Arg, Glu, Gln and Pro; 4) the biosynthesis 
of histidine; 5) the pyruvate  family for the biosynthesis of Ala, Ile, Leu and Val; and 
6) the serine family for the biosynthesis of Cys, Gly and Ser (1). The α-aminoadipate 
pathway is a member of the glutamate family of amino acid biosynthesis (7, 8). The 
biosynthetic pathways for lysine will be considered briefly below.   
 
1-2. Lysine biosynthesis 
L-lysine is an essential amino acid for humans and imals and can only be 
obtained from protein in the diet. Two completely different routes for the 
biosynthesis of the essential amino acid L-lysine have evolved in nature: the α-
aminoadipate (AAA) pathway in phycomycetes, euglenoids, yeasts and higher fungi 
such as basidiomycetes (8 , 9), and the diaminopimelate (DAP) pathway in bacteria, 
plants and lower fungi such as the mucorales and blastocladiales (2, 22). Other 
amino acids have similar synthetic pathways in fungi a d bacteria (3).  
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1-2-1. Diaminopimelate pathway of L-lysine biosynthesis 
In plants and bacteria the diaminopimelic acid pathw y is used for the 
synthesis of lysine and consists of seven enzyme-catalyzed reactions (Fig. 1-1) (8). 
The diaminopimelate pathway found in most plants, bacteria and lower fungi 
belongs to the aspartate family of amino acid biosynthetic pathway which also leads 
to the synthesis of asparagine, methionine, threonine and isoleucine (27). The DAP 
pathway has also been studied in E. coli (28). In addition to the lysine required for 
protein biosynthesis, the DAP pathway is the source of the diaminopimelate (DAP) 
and lysine that is incorporated into bacterial cell wall peptidoglycans. The DAP 
pathway begins with the phosphorylation of aspartate by aspartokinase to give 
aspartyl-β-phosphate (1; E.C. 2.7.2.4), followed by an NADPH dependent reduction 
to give aspartic-β-semialdehyde catalyzed by aspartate semialdehyde dehydrogenase 
(2; E.C. 1.2.1.11). In the next step aspartic-β-semialdehyde undergoes aldol 
condensation with pyruvate to give 2, 3-dihydrodipicolinate catalyzed by 
dihydrodipicolinate synthase (3; E.C. 4.2.1.52), which upon reduction by NADPH 
gives ∆ piperidine-2, 6-dicarboxylate catalyzed by dihydrodipicolinate reductase (4; 
E.C. 1.3.1.26). The ring is opened in the next step by succinylation with succinyl-
CoA to give N-succinyl α-amino-ε-ketopimelate catalyzed by tetrahydrodipicolinate 
acyltransferase (5; E.C. 2.3.1.117). In the next step, he acyl group is removed after 
transamination using glutamate to produce L, L-diamino pimelate brought about by 
N-succinyl-α-amino-ε-ketopimelate-glutamate aminotransaminase (6; E.C. 2.6.1.17). 






Fig. 1-1: The Diaminopimelic acid pathway in bacteria and the enzymes in the pathway are: (1) 
Aspartate kinase (E.C. 2.7.2.4), (2) Aspartate semialdehyde dehydrogenase (E.C. 1.2.1.11), (3) 
Dihydrodipicolinate synthase (E.C. 4.2.1.52), (4) Dihydrodipicolinate reductase (E.C. 1.3.1.26), 
(5) Tetrahydrodipicolinate acyltransferase (E.C. 2.3.1.117), (6) N-succinyl-α-amino-ε-
ketopimelate-glutamate aminotransaminase (E.C. 2.6.1 17), (7) N-acyldiaminopimelate 
deacylase (E.C. 3.5.1.18), (8) Diaminopimelate epimerase (E.C. 5.1.1.7), (9) Diaminopimelate 
decarboxylase (E. C. 4.1.1.20). 
 
deacylase (7; E.C. 3.5.1.18). This is followed by the racemization of L, L-
diaminopimelate to the meso compound catalyzed by diaminopimelate epimerase, 
which on decarboxylation yields the final product L-lysine catalyzed by 
diaminopimelate decarboxylase. 
 
1-2-2. α-aminoadipate (AAA) pathway of L-lysine biosynthesis 
The AAA pathway has been reported in Saccharomyces cerevisiae (10), 
Schizosaccharomyces pombe (11), Penicillinum chrysogenum (12), Neurospora 
crassa (13), Magnoporthe grisea which is a plant pathogen (1), and human 
pathogenic fungi including Candida albicans (14), Aspergillus fumigatus (15) and 
Cryptococcus neoformans (15). The Saccharomyces cerevisiae genome has been 
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completely sequenced (16-18). Extensive genetic, enzymatic, regulatory, and cloning 
studies of the lysine biosynthetic pathway are now being carried out in S. cerevisiae 
and N. crassa (14, 26). Some cloning and molecular studies have also been carried 
out in C. albicans (19-21, 32).    
The AAA lysine biosynthetic pathway is also used by bacteria for lysine 
biosynthesis and Kobashi et al. has reported a modified AAA pathway in the 
bacterium, T. thermophilus, which is an extreme thermophile (4). The pathways 
CHEATING 
 
Fig. 1-2: Proposed lysine AAA biosynthetic pathway in Thermus thermophilus 
 
leading to the formation of α-aminoadipic acid (AAA) are same in fungi and 
bacteria, and the steps leading to the formation of L-lysine in Thermus thermophilus 
are shown in Fig. 1-2 (3). Miyazaki et al. showed that in Thermus thermophilus, the 
enzymes involved in the conversion of α-ketoglutarate to AAA are homologous to 
the corresponding genes of fungi and that the pathway from AAA to lysine is 
dissimilar. In T. thermophilus, AAA is condensed with acetyl CoA to produce N2-
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acetyl-L-aminoadipate. The following step involves the phosphorylation to give N2-
acetyl-L-aminoadipyl-diphosphate which upon reduction by NADPH gives N2-
acetyl-L-aminoadipate semialdehyde. The next step involves the transamination by 
glutamate to give N2-acetyl-L-lysine. In the last step, acetyl group is removed 
resulting in the formation of lysine.     
Besides T. thermophilus, a gene cluster for lysine biosynthesis via AAA has 
also been reported in Pyrococcus horikoshii which is similar to the gene clusters for 
the leucine and arginine biosynthetic pathways (5). Four of the genes involved in the  




Fig. 1-3: The Leucine biosynthesis pathway. The enzymes involed are (1) Acetolactate 
synthase, (2) Acetolactate mutase, (3) Reductase, (4) Dihydroxy acid dehydratase, (5) α-
isopropylmalate synthase, (6) α-isopropylmalate dehydratase, (7) Isopropylmalate dehydrogen- 
ase, (8) Leucine aminotransferase. 
 
P. horikoshii, has existed on the earth for a long time, and it has been suggested that 
the biosynthetic pathways for lysine, and leucine may be related to each other and 
they might have been evolved from common ancestors, with broad substrate 
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specificity (5). The leucine biosynthetic pathway has been shown in Fig. 1-3. 
The lysine biosynthetic pathway in yeast is shown in Fig. 1-4. In S. cerevisiae 
(1, 7, 13) and S. lipolytica (12) eight gene loci have been shown to be present for the 




Fig. 1-4: The α-aminoadipate pathway in yeast. The pathway enzymes are (1) Homocitrate 
synthase (E.C. 4.1.3.21), (2) Homoaconitase (E.C. 4.2.1.36), (3) Homoisocitrate dehydrogenase 
(E.C. 1.1.1.87), (4) α-aminoadpate aminotransferase (E.C. 2.6.1.39), (5) α-aminoadipate 
reductase (E.C. 1.2.1.31), (6) Saccharopine reductase (E.C. 1.5.1.10), (7) Saccharopine 
dehydrogenase (L-Lys forming, E.C. 1.2.1.31). 
 
The first step in the pathway involves the condensation of α-ketoglutarate and 
acetylCoA followed by the hydrolysis of the resulting homocitryl CoA to produce 
homocitrate, catalyzed by homocitrate synthase (19). Homocitrate is then converted 
to homoisocitrate by homoaconitase (20). Homoisocitrate then undergoes oxidative 
decarboxylation to give α-ketoadipate, catalyzed by homoisocitrate dehydrogenas  
(21). The next step involves transamination with L-glutamate to give L-α-
aminoadipate catalyzed by α-aminoadipate aminotransferase (18). The first half of 
the pathway occurs in the mitochondrion (homocitrate synthase and aminotransferase 
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are present in mitochondrion and the cytoplasm) (19). The second half of the 
pathway occurs in the cytoplasm where α-aminoadipate reductase catalyzes the ATP 
and NADPH-dependent reduction of the δ-carboxylate to α-aminoadipic acid-δ-
semialdehyde. Once the semialdehyde is formed, it is condensed with L-glutamate to 
give an imine, which is then reduced by NAD(P)H to L-saccharopine catalyzed by 
saccharopine reductase. L-Saccharopine is then oxidatively deaminated by 
saccharopine dehydrogenase (L-lysine forming) to give L-lysine.  
A plausible reason for the pathway to be distributed into the mitochondria 
and cytosol is that the compartmentalization could provide a better overall 
regulation. Also, one of the reasons for the distribution could be the availability of 
the cofactors: NAD(P)H and ATP, allosteric regulators, or the proper environment to 
give the active site residues the correct protonati states so that they can catalyze 
reactions in the pathway. 
Lys9 mutants, which lack saccharopine reductase activity, accumulate 
aminoadipate semialdehyde, confirming its participation in the AAA pathway for 
lysine biosynthesis (23). In N. crassa, lysine-requiring mutants have been used to 
show that saccharopine is a precursor of lysine (25). The last two enzymes in the 
pathway have very little sequence homology at the amino acid level, but both 
enzymes are fungal specific and catalyze the oxidation of saccharopine at adjacent 
bonds. SR and SDH use NADP+ and NAD+, respectively, as coenzymes so that a 
high NADPH to NADH ratio may favor the forward reaction direction, synthesis of 






Fig. 1-5. Lysine degradation pathway in mammalian liver. The enzymes of the lysine 
degradation pathway in mammalian liver are as follows: (1) saccharopine dehydrogenase 
(NADP+, lysine forming), (2) saccharopine dehydrogenase (NAD+, glutamate forming), (3) 
aminoadipate semialdehyde dehydrogenase, (4) aminoadipate aminotransferase, (5) α-keto acid 
dehydrogenase, (6) glutaryl-CoA dehydrogenase, (7) decarboxylase, (8) enoyl-CoA hydratase, 
(9) β-hydroxyacyl-CoA dehydrogenase, (10) HMG-CoA synthase, (11) HMG-CoA lyase. Steps 1 
and 2 are included in a bifunctional enzyme (53). 
 
reaction direction, degradation of lysine. In humans and animals, L-lysine 
degradation is favored whereas, in fungi L-lysine formation is favored; lysine 
synthesis does not occur in these organisms. The lysine degradative pathway in 
mammalian liver is shown in Fig. 1-5. 
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1-2-3. Significance of the α-aminoadipate pathway 
Fungal infections are life threatening for those individuals who are immuno-
compromised: those with AIDS, those undergoing chemotherapy, and those who 
have undergone a transplant. Opportunistic pathogens such as Candida albicans, 
Aspergillus fumigatus and Cryptococcus neoformans cause candidiasis, aspergillosis, 
and cryptococcosis respectively (29). Candida albicans causes oral candidiasis and 
may also produce infections in the fingernails and toenails, and lesions in the 
gastrointestinal tract. Cryptococcus neoformans is responsible for meningitis, a 
central nervous system infection prevalent in the immunocompromised host. 
Aspergillus fumigatus mainly affects the lungs, but can also cause diseases of the 
skin, ear and central nervous system. The enzymes involved in the lysine 
biosynthetic pathway are present in C. albicans, C. neoformans, and A. fumigatus. 
The presence of five enzymes of the pathway, namely, homocitrate synthase, 
homoisocitrate dehydrogenase, α-aminoadipate reductase, saccharopine reductase, 
and saccharopine dehydrogenase have been shown in all of these organisms (5). 
Candida albicans shows higher levels of homocitrate synthase, homoisocitrate 
dehydrogenase, and α-aminoadipate reductase compared to C. neoformans, and A. 
fumigatus; high enzyme activity in C. albicans may allow the detection of this 
organism in clinical specimens (5). Lysine auxotrophs of C. albicans have been 
reported by several investigators (30, 31, 33). Candida albicans use lysine and α-
aminoadipate as sole nitrogen sourcess (34), whereas, S. cerevisiae cannot use these 
amino acids as they are growth inhibitory (35). This property of C. albicans may also 
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be exploited for its detection in specimens.  
The diagnosis of fungal infections is time consuming and cumbersome (37). 
The first step in the diagnosis involves the examination of those organs that are 
readily accessible, notably the skin, eyes, nose, and throat. The most important 
diagnostic tools for fungal infection are: detection f fungal antigens such as 
cryptococcal antigen, detection of genomic fungal DNA, and staining using India ink 
and calcoflour white. It has been reported that the lysine biosynthetic pathway is 
required for fungal growth and pathogenicity n vivo (38). The various antifungal 
drugs currently available include the azoles, e.g. fluconazole and itraconazole, and 
amphotericin B (29). All of these antifungal drugs have some side effects which 
include nausea, vomiting and diarrhoea. Hence, it is important to develop new 
antifungal drugs which would be more effective in trea ing the fungal infections and 
would also be less toxic. Since the α-aminoadipate pathway and the enzymes 
involved in this pathway are unique to fungi, transition state analog(s) may be 
developed to inhibit fungal growth by blocking the synthesis of lysine. The 
uniqueness of the AAA pathway and the fact that it is present only in fungi may also 
be exploited for the rapid detection of fungal pathogens using its unique enzymes 
and cloned genes as molecular probes for identification (5). Hence, a detailed study 
of the pathway and its enzymes is crucial to gain knowledge of the metabolism and 





1-2-4. Regulation of the α-aminoadipate pathway  
The pathway is highly regulated at both the genetic and enzymatic levels and 
the regulation is described below (23). 
 
1-2-4-1. Regulation at the genetic level 
The AAA pathway is regulated by the control of amino acid biosynthesis as 
well as transcriptional activation by the co-inducers, α-aminoadipate-δ-semialdehyde 
(AASA) is a co-inducer for the transcription of the g nes of the pathway (40). The 
transcription of the genes of the lysine biosynthetic pathway is brought about by the 
protein encoded by the LYS14 gene (LYS14p) in the presence of its coinducer AASA. 
The synthesis of saccharopine reductase is also affected by the induction mechanism, 
which functions at the transcription level, together with the general regulation. 
LYS14 protein plays the role of a positive factor requiring activation by AAS which 
renders the protein capable of stimulating the exprssion of various LYS genes (40). 
Hence the LYS14 protein plays a regulatory role in the expression of the LYS genes. 
In S. cerevisiae, two genes, LYS9 (coding for saccharopine reductase) and 
LYS14 (which encodes the protein that activates the lysine genes) are required for the 
production of saccharopine in S. cerevisiae (44, 54). An intact LYS14 is necessary for 
the synthesis of LYS9 mRNA. Mutant yeast strains that lack these genes show a 
tendency to accumulate AASA and show a significant reduction in saccharopine 
reductase activity; sacchaorpine reductase activity s absent in LYS9-strains and is 
significantly reduced in the LYS14-strains. These results clearly indicate that the 
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LYS14 gene plays an important role in the biosynthesis of accharopine reductase, 
and thus, two distinct genes, representing two different gene loci, are required for the 
biosynthesis of saccharopine reductase (58). Bhattacharjee et al. reported that SR is 
composed of a single polypeptide chain indicating that he enzyme is a product of a 
single gene, LYS9, also indicating that LYS14 likely plays a nonstructural role (59). 
This result is supported by complementation and recombination experiments, which 
established that LYS9 and LYS14 are distinct loci (58). In S. cerevisiae, SR is 
repressed by lysine (60). The LYS9-strain accumulates AAS and is derepressed for 
the lysine biosynthetic enzymes homocitrate synthase, α-aminoadipate reductase and 
saccharopine dehydrogenase. The specific activity of these enzymes is 3-4 fold 
higher than in the wild type strain (40). The LYS2-LYS9- double mutant which lacks 
the α-aminoadipate reductase and saccharopine reductase activity does not exhibit 
derepression, suggesting α-aminoadipate reductase is required for depression. 
Similarly, LYS2- and LYS5-mutants lack aminoadipate reductase and LYS1-mutants 
lack saccharopine dehydrogenase (44). 
The first enzyme in the pathway, HCS is highly regulated. L-Lysine, the final 
product inhibits HCS by feedback inhibition (61). In addition to homocitrate 
synthase, five other enzymes in the pathway, homoaconitase, homoisocitrate 
dehydrogenase, α-aminoadipate reductase, saccharopine reductase, and saccharopine 
dehydrogenase are repressed by lysine when the cells are grown in a medium 
containing lysine, with the maximum repression repoted for homoisocitrate 
dehydrogenase, saccharopine reductase, and α-aminoadipate reductase (53). 
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Enzymes of the second half of the pathway respond differently to the general control 
of amino acids than those of the first half of the pathway, and during starvation 
conditions, enzymes under general control are depressed (56). 
In S. cerevisiae, hydroxylysine acts as a short term growth inhibitor, but the 
inhibition is overcome after a short growth-inhibitory period, and cells grow rapidly 
and produce lysine (4). Cells are not able to use hydroxylysine as a nutrient, and 
hydroxylysine inhibit the pathway in cells resulting in the inhibition of the growth of 
the organism (65). N-formyllysine gives a comparable effect. The enzymes of AAA 
pathway show a non-coordinate effect of hydroxylysine, with the level of 
saccharopine reductase, but not of α-aminoadipic acid reductase or saccharopine 
dehydrogenase, being reduced significantly (4).  
  
1-2-4-2. Enzymatic regulation 
 The first enzyme of the pathway, homocitrate synthease (HCS) is highly 
regulated. Lysine, which is the end product of the pathway can feedback inhibit 
HCS. Lysine inhibition has been reported in P. chrysogenum, T. thermophilus and S. 
cerevisiae (50, 48, 61). In P. chrysogenum, the lysine inhibition is partial (50), while 
in S. cerevisiae, the inhibition is linear to 5 mM. Also, in P. chrysogenum, lysine 
inhibition is pH dependent with no inhibition observ d from pH 6.6 to 7.0 and a Ki 
of 8 µM is reported at pH 8.0 (50). In S. cerevisiae, the competitive inhibiton by 
lysine vs KG suggests that they compete for the active site of HCS. However, the 
dissociation constant of KG from the E:KG binary complex is independent of the 
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presence of lysine suggesting that lysine likely binds to an allosteric site (61). From 
kinetic data the Ki for lysine is 550 µM, while from fluorescence titration studies the 
value is 40 µM. The difference in the Ki values for lysine has been explained on the 
basis of the existence of HCS in two conformations with lysine binding with high 
affinity to the inactive form and KG which is the substrate binds to the active form of 
HCS (61).  
The monovalent cation Na+ binds to the free enzyme form. The effect of Na+ 
depends on the concentration of acetyl CoA. At high acetyl CoA, Na+ acts as an 
activator, but at low acetyl CoA, Na+ cts as an activator at low concentrations and is 
a linear inhibitor at high concentrations (61). It has been proposed that Na+ inhibition 
occurs as a result of Na+ binding to the acetyl CoA site, while the activation is a 
result of sodium binding to a site other than the active site on the free enzyme.       
 
1-3. Saccharopine reductase  
Saccharopine reductase (SR) [saccharopine dehydrogenase (L-glutamate 
forming), EC 1.5.1.10] catalyzes the condensation of L-α-aminoadipate-δ-
semialdehyde with L-glutamate to form an imine which s subsequently reduced by 
NADPH to give saccharopine (23). 
 
1-3-1. Expression, purification, and characterization  






polypeptide chain, on the basis of SDS PAGE (61). The enzyme is stable in Tris, pH 
8.0, 1 mM PMSF, 10 mM 2-mercaptoethanol and 5 mM EDTA for several weeks 
when stored at -70 °C. Using gel filtration chromatography, the molecular weight of 
the enzyme was found to be 67,000 Da (61), which is close to the value reported 
using sucrose density gradient centrifugation (62). A M.W. of 70,000-90,000 Da was 
shown under native conditions, suggesting a dimeric st ucture for SR (63). SR from 
Magnoporthe grisea, a plant pathogen, shows a M.W. of 84,000 from gel-filtration 
chromatography suggesting a dimeric structure, in agreement with structural studies 
(19, 64). 
In S. cerevisiae, the pH optimum for SR in the direction of saccharopine 
formation is 7.0 (61), while it is 9.5-9.75 in the direction of L-α-aminoadipic acid-δ-
semialdehyde formation (61-62). Enzyme activity decreases significantly if the pH is 
varied by more than one unit from the optimum pH, and no activity is observed at 8 
> pH > 10.5 (59). The enzyme is stable at temperatures below 34 °C and becomes 
denatured above this temperature; no activity was detected above 46 °C (61). 
The apparent Km values for L-saccharopine, NADP
+ and NAD+ are 2.3 mM, 
22 µM and 54 µM, respectively (61-62), with NADPH reported as a better substrate 
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than NADH in the physiologic reaction direction (13, 62). Since one of the substrates 
in the physiologic reaction direction, α-aminoadipate-δ-semialdehyde is not 
commercially available, the enzyme is typically assayed in the direction of formation 
of the semialdehyde (2). 
Metal chelators such as 2, 2´-bipyridine and 1, 10-phenanthroline inhibit the 
enzyme, while carbonyl reagents such as hydroxylamine, and semicarbazide have no 
effect on enzyme activity (61). Enzyme is completely inactivated in the presence of 
HgCl2 suggesting that a sulfhydryl group might be important for enzyme activity 
(61); similar results have been reported using p-hydroxymercuribenzoate as an 
inhibitor (13, 61). The loss of activity was attributed to binding to Cys155 (27).  
 
1-3-2. Structure of saccharopine reductase 
The crystal structures of saccharopine reductase from M. grisea and S. 
cerevisiae have been solved (27, 30). Magnoporthe grisea is a plant pathogen and is 
responsible for large losses in the rice crop annually due to the blast disease in which 
the fungus invades the plant’s vascular system blocking the transport of nutrients and 
water from the roots and produce lesions on aerial plant parts (19, 66). The structure 
of the apo form of SR and substrate bound ternary complex, E:NADPH:saccharopine 
were solved to 2.0 and 2.1 Å, respectively. 
The structure was found to be homodimeric for both the apo form and the 
ternary complex with each subunit binding one NADPH and one saccharopine 




SR is a homodimer with each subunit consisting of 3domains. Domain I is a 
variant of the dinucleotide-binding Rossmann fold, consisting of a central parallel 
seven stranded β sheets packed against three helices on one side and four on the 
other. The dinucleotide, NADP+ or NADPH, binds at the carboxyl terminal of the β 
sheet (67). Domain II is an α/β fold known as the saccharopine reductase fold, and is 
 
 
                           Fig. 1-6: Structure of SR from S. cerevisiae. The red regions represent the  
                           non-conserved amino acids relative to the structure from M. grisea 
 
involved in substrate binding. Domain III is all helical and apparently moves upon 
substrate binding. The active site is located in a deep cleft between Domain I and 
Domain II (27). The dimer interface contains 45% polar and 55% non-polar residues, 
and is formed by domains I and II. 
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SR from Magnoporthe grisea shows 63% sequence identity and 78% 
sequence homology to the enzyme from S. cerevisiae (30). Superimposition of the 
structure of SR from Magnoporthe grisea and S. cerevisiae shows that all the 
residues in the active site are completely conserved. A close up view of the active 
site is shown in Fig. 1-7 and 1-8. 
Upon ligand binding, a conformational change is induced that includes a 
rotation of Domain III by 17.7° and a translation of -0.93 Å compared to the 
structure of the apo enzyme. This conformational chnge makes the active site less 
accessible to solvent, protecting reactive intermediat s. Once the cofactor, NAD(P)H 
binds to the Rossmann fold, the nicotinamide ring les deeply buried in the cleft and 
is prevented from solvent attack in the relatively hydrophobic interior of the cleft. 
NAD(P)H is held in place in the active site by several main chain hydrogen bonds. 
The reaction is stereospecific, and hydride transfer i  from the A-side (pro-R). The 
other substrate, saccharopine, is held in the active site by a combination of hydrogen 
bonding, ionic and hydrophobic interactions (27). Thr245, Arg224, Tyr100, Ser99, 
Asp126, Asp130 and Cys155 are present in the active site and are involved in 
hydrogen bonding and ionic interactions with saccharopine and stabilize the 
substrate in the active site (27), Fig. 1-7. In addition to the residues shown in Fig. 1-
8, the nicotinamide ring is stabilized by hydrophobic interactions with Val399 and 
Trp174, hydroxyl group of nicotinamide mononucleotide ribose is stabilized by 
interactions with the main chain oxygen of Ile76. The pyrophosphate group forms 
hydrogen bonds with the backbone NH of Val14, Phe13 and Ser175 (27). The 
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adenine ring lies in a pocket formed by Arg 34, Val56, Ile76, Pro77, and Phe80. 
NADPH also forms hydrogen bonds with amide backbone nitrogen of Ser11, Thr35, 
and Arg34 resulting in stabilization in the active site (27). The 2' phosphate group is 
hydrogen bonded to guanidium group of Arg 34 residue. It is not obvious what 
cheating     
 
Fig. 1-7: Close-up view of the active site of saccharopine reductase from M. grisea (PDB code 
1E5Q). Residues that interact with saccharopine and their hydrogen-bonding distances are 
shown. The following color scheme is used: C, green, O, red, N, blue; and P, orange. This figure 
was generated using the PyMOL molecular visualization program (website: http:// 
pymol.Sourcefor ge.net/). 
 
residues in the active site could serve as acid base c talysts for proton transfers that 
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must occur in the formation of saccharopine. In addition, there is an absence of helix 
dipoles that might stabilize negative charges expected in the transition state. It was 
thus proposed that the enzyme provides its major rate enhancement by proximity and 
orientation effects (27). 
 
 
Fig. 1-8: Close-up view of the saccharopine reductase from M. grisea (PDB code 1E5Q) binding 
site for NADP(H). Residues that interact with the cofactor and their hydrogen-bonding 
distances are shown. The following color scheme is used: C, green, O, red, N, blue; and P, 
orange.  This figure was generated using the PyMOL molecular visualization program (website: 
http:// pymol.Sourcefor ge.net/). 
 
1-4. Summary 
This dissertation describes the determination of the kinetic and chemical 
mechanisms of saccharopine reductase from S. cerevisiae. In the second chapter, we 
describe the determination of the kinetic mechanism of SR via initial rate studies, 
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product inhibition studies, dead end inhibition studies, and isotope effect studies. The 
determination of chemical mechanism of the reaction catalyzed by SR is discussed 
for the first time in chapter three using pH rate profiles, solvent isotope effect 
studies, and proton inventory study. Site directed mutagenesis is employed to 
determine the groups involved in binding and catalysis in the reaction using initial 
velocity studies, pH-rate profile studies, and solvent isotope effect studies. Alternate 
substrates and analogues of sacharopine, AASA, glutamate, and nicotinamide 
adenine dinucleotide have been used to probe the binding of substrates in the active 
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Overall kinetic mechanism of saccharopine reductase 
 
“Reproduced with automatic permission from Biochemistry [Vashishtha, A. K., West, A. H., and Cook, P. F. (2008) Overall 
kinetic mechanism of saccharopine dehydrogenase from Saccharomyces cerevisiae, Biochemistry 47, 5417-5423.] Copyright 




The biosynthesis of L-lysine occurs via the α-aminoadipate (AAA) pathway 
in euglenoids and higher fungi such as basidiomycetes (1). The α-aminoadipate 
pathway is a member of the glutamate family of amino acid biosynthetic pathways 
(2). The AAA pathway has been reported in Saccharomyces cerevisiae (3), 
Schizosaccharomyces pombe (4), Penicillium chrysogenum (5), Neurospora crassa 
(6), Magnoporthe grisea which is a plant pathogen (7), and human pathogenic fungi 
including Candida albicans (8), Aspergillus fumigatus (9) and Cryptococcus 
neoformans (8). 
Saccharopine reductase (SR) [saccharopine dehydrogenase (L-glutamate 
forming), EC 1.5.1.10] catalyzes the condensation of L-α-aminoadipate-δ-
semialdehyde with L-glutamate to give an imine, which s reduced by NADPH to 
give saccharopine (7). 
Crystal structures of saccharopine reductase from S. cerevisiae and M. grisea 
have been reported (7, 10). Structures of the M. grisea apo form and ternary, E-
NADPH-saccharopine, complex of SR were solved to 2.0 and 2.1 Å, respectively. 
The enzyme is a homodimer with a molecular weight of ~50, 000 and contains one 











conserved in C. albicans, A. fumigatus, C. neoformans, and S. cerevisiae, and thus, 
SR is a potential target for antifungals. In preparation for the development of 
mechanism-based inhibitors, the kinetic and chemical mechanisms of the enzyme 
must be known. The pH optimum of SR from S. cerevisiae in the direction of 
saccharopine formation is 7.0 (11), while it is 9.5-9.75 in the direction of 
semialdehyde formation (11, 12). Apparent Km values for L-saccharopine, NADP 
and NAD are 2.32 mM, 22 µM and 54 µM, respectively (11), with NADPH a better 
substrate than NADH in the physiologic reaction direction (12). 
Thus far, no information is available on the kinetic mechanism of SR. In this 
chapter, we present a detailed steady-state kinetic analysis of the saccharopine 
reductase reaction in both reaction directions. On the basis of initial velocity studies 
in the absence and presence of product and dead-end inhibitors, an ordered kinetic 
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2-2. Materials and Methods 
2-2-1. Chemicals 
L-Saccharopine, L-pipecolic acid, glyoxylic acid, ornithine, L-glutamic acid, 
L-lysine, L-leucine, α-ketoglutarate, oxaloacetate, 5-bromopentene, ethylacetamido-
cyanoacetate, sodium metal and chloramphenicol werefrom Sigma. β-NADPH1, β-
NADP, and LB broth were purchased from USB. The Ni-NTA agarose affinity resin 
was from Qiagen. Isopropyl-β D-1-thiogalactopyranoside was from Invitrogen, 
while ampicillin was from Fisher Biotechnologies, and ethanol-d6 (99 atom % D) 
was purchased from Cambridge Isotope Laboratories, Inc. AG MP-1 and Bio-Gel P-
2 resins were from Bio-Rad, and HEPES was obtained from Research Organics. N-
Oxalylglycine was from Frontier Scientific. All chemicals were of the highest grade 
available and were used as purchased. 
 
2-2-2. Synthesis of α–aminoadipic acid-δ-semialdehyde 
The semialdehyde was synthesized using a modification of the method of 
Rodwell et al. (13). All of the equipment used for the synthesis were rinsed with 
acetone and dried overnight. To ethylacetamidocyanoacetate in ethanol, sodium 
metal was added, and bromopentane was added dropwise over a period of 1 hour. 
The mixture was refluxed for 1 hour at 75 °C. The mixture was cooled to room 
temperature and the ethanol was removed in vacuo using a Buchi rotatory evaporator 
at 60 °C. 1 % NaOH was added to the residue and the mixture was refluxed at 102 
°C for 15 hours, cooled, the pH was adjusted to 1.8 using 12 N HCl, followed by 
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concentration by rotatory evaporation at 90 °C. The residue was dissolved in a 
minimum amount of water and pH was adjusted to 5.0 with pyridine, followed by 
addition of absolute ethanol. The crude solution was rotatory evaporated, dissolved 
in a minimum amount of water and recrystallized using activated charcoal in hot 
water to obtain the HCl salt of 2-amino-6-heptenoic acid. Ozonolysis of the 2-amino-
6-heptenoic acid in water was then carried out using a  OREC Model V5-0 ozonator. 
The resulting aldehyde solution was purged with N2 to remove excess ozone in the 
mixture. NMR spectra were obtained on a Varian Mercury VX-300 MHz 
spectrometer with a Varian 4-nuclei autoswitchable PFG probe. 1H NMR spectra 
were collected in D2O using the PRESAT pulse sequence supplied by Varian, Inc. 
The spectra were collected with a sweep width of 4803.1 Hz, eight transients, and an 
acquisition time of 3.411 s and processed with 108K data points resulting in a 1.0 Hz 
digital resolution. Chemical shifts were assigned for all peaks and are as follows: δ 
9.7 [s, 1H, C(6)-H], δ 3.6 [t, 1H, C(2)-H], δ 1.78 [m, 2H, C(3)-H2], δ 1.64 [t, 2H, 
C(5)-H2], δ 1.38 [p, 2H, C(4)-H2]. 
The % yield of semialdehyde was 95 % for the ozonolysis step on the basis of 
the concentration of semialdehyde measured using end point assay using SR and 
monitoring the change in absorbance of NADPH at 340nm. A resonance for the 
hydrated form of the aldehyde was not observed, suggesting it lies under one of the 
resonances. The end-point assay exhibited a rapid utilization of 65 % of the aldehyde 
followed by a much slower utilization of the remaining 35 %. Thus, 35 % of the 
semialdehyde is present in the hydrated (or diol) frm and 65 % in the aldehyde 
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form. The α-amino group of the semialdehyde is protonated at pH 7.0, and none of 
the cyclic imine was observed. The overall yield based on the starting material was 
15 %. 
 
2-2-3. Synthesis of A-Side NADPD 
 The A-Side NADPD was prepared using the method described by Viola et al. 
(14). The reaction mixture contained 5.6 mM NADP, 2.8 mM ethanol-d6, 100 units 
each of alcohol dehydrogenase (T. brockii), and yeast aldehyde dehydrogenase. The 
reaction was carried out in 10 mL of 6 mM Ches, pH 9.0 and 25 °C. The reaction 
was allowed to proceed overnight and the formation of NADPD was monitored by 
following the absorbance at 340 nm. The pH was constantly adjusted using KOH 
since the pH drops as the reaction proceeds. The reaction was terminated on the 
following day by adding a few drops of CHCl3 to the reaction mixture with shaking, 
followed by separation of the aqueous layer from the organic layer. The aqueous 
layer was adjusted to pH 10.0 with KOH, and loaded onto an AG-MP column 
equilibrated with 0.2 M LiCl (pH 10.0); fractions were eluted using 0.5 M LiCl (pH 
10.0). The ratio of absorbance at 260 and 340 nm was 2.4 ± 0.05 for the pooled 
NADPD fractions compared to a value of 2.15 ± 0.05 reported preveiously (14). The 
purified A-side NADPD was then concentrated using rotatory evaporation at 50 °C 
to about 6 mL and the solution was loaded onto a Bio-Gel P-2 column equilibrated 
with 50 mM KH2PO4. The NADPD was eluted using the same buffers and used 




2-2-4. Cell growth and protein expression 
The gene from S. cerevisiae encoding for SR (LYS9) was cloned into the 
pET-16b vector (12). The vector containing the insert was transformed into 
BL21*(DE-3) RIL E. coli cells using heat shock at 42 °C, followed by growth on 
ampicillin plates. Colonies were picked and cells were grown overnight at 37 °C in 
LB media containing 100 µg/mL ampicillin and 25 µg/mL chloramphenicol. The 
cells were induced using 1mM IPTG at an A600 of 0.7-0.9, and allowed to grow 
overnight. After centrifugation at 4000g, the harvested cells were suspended in 100 
mM Tris-HCl, pH 7.5 with 300 mM KCl. 
For protein purification, PMSF (1 mM) was added to the cell suspension 
followed by cell disruption using a MISONIX Sonicator XL. Sonication was carried 
out on ice for 1 min using a pulse on time of 15 s followed by a 30 s rest period. The 
cell debris was removed by centrifugation at 20,400g for 15 min, and the supernatant 
was loaded onto a Ni- NTA column, washed with 30 mM imidazole, and then eluted 
using buffer containing 400 mM imidazole at pH 7.5. The enzyme elutes efficiently 
using 400 mM imidazole and is about 98 % pure on the basis of SDS PAGE. 
 
2-2-5. Enzyme assay 
 The SR reaction was followed by monitoring the appearance or 
disappearance of NADPH at 340 nm (ε340, 6220 M
-1cm-1) using a Beckman DU-640 
spectrophotometer. All assays were carried out at 25 °C. A typical assay in 500 µL 
contained 100 mM HEPES, pH 7.0, and appropriate concentrations of substrates. 
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Reaction was initiated by adding 10 µL of appropriately diluted enzyme in 100 mM 
HEPES, pH 7.0. All enzyme dilutions were made fresh for each set of experiments. 
 
2-2-6. Initial velocity studies 
 Studies were carried out in the forward and reverse reaction direction at pH 
7.0. The rate of reaction in the direction of sacchropine formation was measured as 
a function of the concentration of NADPH (5-50 µM), at different fixed 
concentrations of L-glutamate (5-50 mM), and a fixed concentration of L-AASA (5 
mM). The experiment was then repeated at different co centrations of AASA (7.14-
12.5 mM). In the direction of AASA formation, initial rate data were collected as a 
function of NADP (0.02-0.5 mM) at different fixed saccharopine concentrations 
(0.1-10 mM). 
 
2-2-7. Inhibition studies 
 Product inhibition studies were carried out by measuring the initial velocity 
with fixed substrates equal to their respective Km values, and varying the 
concentration of the other substrate around its Km value (0.5-5 Km) at different fixed 
concentrations of the inhibitor including zero. First, an estimate of the inhibition 
constant of an inhibitor was obtained by measuring the initial rate as a function of the 
inhibitor concentration with all substrates fixed at their respective Km values. The 
appKi was then calculated from a plot of 1/υ vs. I with the appKi the value equal to 




2-2-8. Primary Substrate Deuterium Kinetic Isotope Effects 
 Isotope effects were measured using NADPD as the deuterated substrate. DV1 
and D(V1/KGlutamate) were obtained by measuring the initial rate as a function of L-
glutamate concentration with NADPH(D) and α-AASA maintained at 10Km and 
5Km, respectively. Similarly, 
D(V1/KNADPH) was obtained by varying NADPH(D) 
with glutamate and AASA fixed at saturation. All isotope effects were measured in 
triplicate and the S. E. M. is reported. 
 
2-2-9. Data Processing 
All data were plotted in double reciprocal form to assess the quality of the 
data and to determine the correct rate equation for data fitting. Initial velocity data 
were then fitted to the appropriate equation using E zfitter program from BIOSOFT, 
Cambridge, U.K. Initial velocity data in the direction of saccharopine formation were 
fitted to eqs 1 and 2, while data in the direction of AASA formation were fitted to eq. 
3. Data adhering to linear competitive, uncompetitive, and noncompetitive inhibition 
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υ        (6) 
 
In eqs 1-6, υ represents the measured initial velocity, appV is the maximum 
rate, obtained with fixed substrate equal to Km, V1 and V2 are the maximum rates in 
forward and reverse reaction directions, A, B and C are substrate concentrations, Ka
Kb and Kc are Michaelis constants for substrates A, B and C, respectively, I  is the 
inhibitor concentration, Kia and Kib are the dissociation constants for EA and EB 
complexes, and Kii and Kis are the intercept and slope inhibition constants 
respectively. In eq. 1, the constant and coefficient t rms are products of kinetic 
constants, and are mechanism dependent. 
 
2-2-10. Direct Determination of Keq 
In order to determine the equilibrium constant, the concentrations of 
saccharopine, L-AASA, NADP and NADPH were fixed at 1 mM, 5 mM, 0.5 mM, 
and 0.1 mM, respectively, and the concentration of L-glutamate was varied in 
separate reactions from 0.2-8 mM at pH 7.0. Sufficient enzyme was added to each 
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reaction mixture to bring the reaction rapidly to equilibrium. The absorbance was 
recorded before and after adding the enzyme and a plot of ∆Abs vs. glutamate was 
constructed. The concentration of L-glutamate that gave ∆Abs of zero was then used 
to calculate Keq using eq. 7. 
 
[AASA]glutamate]-[NADPH][L
charopine][NADP][sac=eqK       (7) 
 
2-3. Results 
2-3-1. Initial velocity studies 
 In the direction of saccharopine formation, the double reciprocal plots 
obtained as described in Methods all intersect to the left of the ordinate. A fit of the 
data to eq 1 indicated the coef B, coef C, and Kb terms were indeterminate. Data 
were then fitted to eq. 2, which suggest a kinetic mechanism with ordered addition of 
A followed by rapid equilibrium addition of B, followed by addition of C. Values of 
kinetic parameters are given in Table 1. Initial velocity patterns were also generated 
in the direction of semialdehyde formation by varying the concentration of 
saccharopine at different fixed concentrations of NADP. An intersecting pattern was 
obtained. The data were fitted to eq 3 and estimates of kinetic parameters are 
summarized in Table 2-1. 
 
2-3-2. Product inhibition studies 




          Table 2-1. Summary of Kinetic Parameters for SR at pH 7.0 
 
 
and test the mechanism proposed from initial velocity studies in the absence of 
inhibitors, product inhibition patterns were obtained for all products in both reaction 
directions. Product inhibition by NADPH vs. NADP is competitive, consistent with 
addition of the oxidized and reduced cofactor to free enzyme. AASA is 
uncompetitive vs. NADP and noncompetitive vs. sacchropine. All other patterns are 








8 ± 1 V2/Et (s
-1) 1.06 ± 0.02 
V1/KNADPHEt 
(M-1s-1) 
(7.3 ± 1.8) x 105 
 
V2/KNADPEt (M




(2.9 ± 0.7) x 102 
 
V2/KSaccEt (M
-1s-1) (1.6 ± 0.3) x 102 
KNADPH (µM) 11.4 ± 2.6 
 
KNADP (mM) 0.187 ± 0.006 
KGlu (mM) 28 ± 6 
 
KSacc (mM) 6.6 ± 0.2 
KiAASA (mM) 4.4 ± 1.7 
 
KiNADP (mM) 0.020 ± 0.004 





2-3-3. Dead end inhibition studies 
 To further test the proposed kinetic mechanism and obtain information on the 
reactant binding determinants, dead end inhibition experiments were also carried out. 
All patterns are consistent with the ordered mechanism, Table 2-3. The structures of 
dead and inhibitors used are shown in Fig. 2-1.
 
2-3-4. Determination of Keq 
The equilibrium constant for the reaction catalyzed by saccharopine 
dehydrogenase was determined at pH 7.0 by determining the concentration of L- 
glutamate that gave no change in absorbance at fixed concentration of all of the other 
substrates. The calculated Keq value is 200
 M-1, in good agreement with 500 M-1, the 
value determined using the Haldane relationship, eq 8. 
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2-3-5. Primary Substrate Deuterium Kinetic Isotope Effects 
 Isotope effect studies were carried out at pH 7.0 using A-side NADPD as the 
deuterated substrate. The isotope effects measured are all small: DV1 = 1.2 ± 0.1, 
D(V1/Kglutamate) = 0.870 ± 0.035, 
D(V1/KNADPH) = 0.98 ± 0.04. Values of 
DV1 and 
D(V1/KNADPH) are near unity, while the values of 








2-4-1. Initial Velocity Studies 
 In the direction of saccharopine formation, intersecting patterns were 
obtained using a fixed nonsaturating concentration of α-AASA and varying 
NADPH/L-glutamate Intersecting patterns were also obtained in the direction of 
saccharopine oxidation. Data are consistent with a sequential mechanism. 
The initial velocity data in the direction of saccharopine formation obtained 
as a function of the concentration of NADPH (5-50 µM), at different fixed 
concentrations of L-glutamate (5-50 mM), and a fixed concentration of L- AASA-(5 
mM) were fitted to eq 1 for a fully random terreactant mechanism, the fitted 
parameters showed that coef B, coef C, and Kb terms in the denominator of equation 
1 were not defined. Data suggest that the EB (E-AAS) and EC (E-L-glutamate) 
binary complexes are not present. The absence of the KAASA term in eq 2 indicates 
that the binding of AASA must be in equilibrium, whic  suggests it binds after 
NADPH and before glutamate. Data were then fitted to eq 2 for an ordered 
mechanism with AASA adding in rapid equilibrium, and all kinetic parameters were 
well defined, Table 1. On the basis of initial velocity studies in the absence of 
inhibitors, the mechanism is sequential with an apparent requirement for NADPH 
bound prior to AASA or glutamate. The maximum rate in the physiological reaction 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































L-Pipecolic acid 2-Amino-6-heptenoic acid L-Leucine  
 
Fig. 2-1. Structures of Saccharopine, glutamate and AASA analogs tested in the 
saccharopine reductase reaction.  
 
 
2-4-2. Product Inhibition Studies 
 Inhibition studies can be used to further define th  kinetic mechanism of an 
enzyme catalyzed reaction. They provide information regarding the various enzyme 
forms to which substrates bind and thus the order of addition of substrates. In the 
direction of saccharopine formation, product inhibition studies were carried out using 
NADP, and saccharopine as product inhibitors. NADP is competitive vs. NADPH 
and noncompetitive vs. α–AASA and L-glutamate, while saccharopine exhibited 
noncompetitive inhibition against all the three reactants, NADPH, α–AASA and L-
glutamate. In the direction of saccharopine oxidation, NADPH is competitive vs. 
 47
NADP and noncompetitive vs. saccharopine. L-Glutamate exhibited noncompetitive 
inhibition vs. both NADP and saccharopine, while α–AASA showed noncompetitive 
inhibition vs. saccharopine and uncompetitive inhibition vs. NADP. Data suggest 
that in the direction of saccharopine formation, AASA binds to the E-NADPH binary 
complex in rapid equilibrium fashion followed by the addition of L-glutamate, while 
in the direction of saccharopine oxidation, NADP is the first substrate to be added 
followed by saccharopine, which adds to the E-NADP binary complex. 
 
2-4-3. Dead-end Inhibition Studies 
 In the direction of saccharopine formation, dead en inhibition patterns were 
obtained using analogs of L-glutamate, and α–AASA. 2-amino-6-heptenoic acid was 
competitive vs. AASA, uncompetitive vs. NADPH and noncompetitive vs. L-
glutamate, showing that 2-amino-6-heptenoic acid (and by analogy AASA) binds to 
E-NADPH. α-Ketoglutarate was chosen as the dead-end analog of L-glutamate and 
exhibited competitive inhibition vs. L-glutamate and uncompetitive inhibition vs. 
AASA and NADPH consistent with binding of L-glutamate to the E-NADPH-AASA 
ternary complex. In the direction of oxidation of saccharopine, dead-end analogs of 
saccharopine are competitive vs. saccharopine and uncompetitive inhibition vs. 
NADP in agreement with binding of the analogs to E-NADP. Product and dead-end 
inhibition data are consistent with an overall ordere  kinetic mechanism for SR, as 
shown by the agreement between the observed inhibition patterns and those 
predicted for an ordered mechanism, Tables 2-2 and 2-3. The proposed mechanism is 
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depicted in Scheme 2-1. 
 
Scheme 2-1. Proposed Kinetic Mechanism for SR. Dead end analogs of the substrates are shown 
in parentheses 
 
2-4-4. Calculation of true dead-end inhibition constants 
Inhibition constants obtained in product and dead-en  inhibition studies are 
apparent values since the fixed substrate(s) are present at a concentration equal to 
their Km value. In the case of dead-end inhibitors, true inhibition constant values can 
be estimated by correcting for the presence of the fixed reactant. The true Ki value 
will thus be independent of the substrate varied, as long as it results from 
combination to the same enzyme form(s). The rate equation for the SR kinetic 
mechanism in the direction of saccharopine formation is given in eq. 2. Each term in 
the denominator of eq. 2 reflects an enzyme form. The KiaKibKc and KaBC terms 
represent free enzyme, while KibKcA, KcAB, and ABC terms represent the E-
NADPH, E-NADPH-AASA, and the central and product complexes present at 
steady state, respectively. 
The equation for correction of the appKi values can easily be derived and the 
overall strategy is illustrated by an example below. If a competitive dead end 
inhibitor of substrate B (L-AASA in the terreactant direction) is used, the presence of 
E E:NADPH E:NADPH:AASA (E:NADPH:AASA:L-glutamate E:NADP:saccharopine) E:NADP E
NADPH AASA L-glutamate saccharopine NADP
(α-Kg) glyoxylic acid)acid)
(aminoheptenoic (NOG, α-Kg, leu
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the inhibitor modifies the enzyme form(s) to which B binds, i.e., the KibKcA term in 
eq. 2, by a factor of (1 + I /Ki) to give eq. 9, where Ki is the intrinsic dissociation 
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Slope              (11) 











KappK 1                  (12) 
Thus, the intrinsic Ki is calculated using known values of appKi, Kia and A. A similar 


























































11                 (14) 
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Using this kind of analysis, estimates of intrinsic Ki values are calculated, and these 
are shown in parentheses in Table 3. Binding of a de d-end analog to a given 
enzyme form, whatever substrate is varied, should give the same Ki when the appKi is 
corrected for the presence of the fixed reactant(s) The agreement in the intrinsic Ki
values for dead-end analogs estimated under different conditions is consistent with 
the proposed ordered mechanism. 
 
2-4-5. Primary kinetic deuterium isotope effects 
The values of primary deuterium isotope effects obtained by direct 
comparison of V and V/K values in the direction of formation of saccharopine are 
small, suggesting that the hydride transfer step is not slow in the overall reaction. In 
an ordered mechanism, the isotope effects on the V/K of all but the final substrate to 
add to enzyme, in either reaction direction is unity. In agreement with the proposed 
ordered mechanism, D(V/KNADPH) is within error 1. The inverse isotope effect 
observed for D(V/Kglutamate) suggests the hydride transfer step is close to equilibrium 
in the steady state. The equilibrium isotope effect or reduction of an imine reflects 
the difference in fractionation factor for deuterium at C4 of NADPD and C6 of 
saccharopine. The value of DKeq was estimated as 0.87 from glutamate and alanine 
dehydrogenases (16), and this is equal to D(V/Kglutamate). Thus, (a) step(s) after 
reduction of the imine limits the overall reaction, likely the conformational change to 
open the active site to release saccharopine. Data fur her suggest the deuterium 
isotope effect on V is unity and not a small finite value, since a finite isotope effect 
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other than unity should be inverse as observed for D(V/Kglutamate). 
 
2-4-6. Comparison of kinetic mechanism of SR with similar enzymes 
Enzymes that catalyze the pyridine nucleotide dependent oxidative 
deamination of an amino acid fall into two classes, those that function with primary 
amines and those that function with secondary amines. The best studied examples of 
the primary amine dehydrogenases are glutamate (15-19) and alanine (16, 20, 21) 
dehydrogenases, while saccharopine dehydrogenase is the only secondary amine 
dehydrogenase (22-24) that was characterized with respect to its kinetic mechanism 
prior to this study. 
The primary amine dehydrogenases catalyze a reversibl  oxidative 
deamination of an amino acid to give ammonia and an α-keto acid with NAD(P) 
serving as the oxidant. The kinetic mechanism of glutamate dehydrogenase (GDH) 
from bovine liver has been best studied, and has a r ndom kinetic mechanism on the 
basis of steady state and pre-steady state studies and isotope effects (15-19). On the 
other hand the kinetic mechanism of alanine dehydrogenase from thermophilic 
Bacillus sphaericus, and Bacillus subtilis, is ordered (20, 21). 
Kinetic mechanisms of other amine dehydrogenases have also been reported. 
Leucine dehydrogenase from Natronobacterium magaddi (25), a halophilic 
thermophile, Bacillus licheniformis TSN9 (26), and Bacillus stearothermophilus (27) 
also have a sequential ordered kinetic mechanism. Phenylalanine dehydrogenase 
from Thermoactinomyces (28), Rhodococcus maris (29), and Rhodococcus sp. (30), 
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diaminopimelate dehydrogenase from Bacillus sphaericus (31), and valine 
dehydrogenase (which is specific for branched chain amino acid substrates) from 
Streptomyces cinnamonensis (32) all show a sequential ordered mechanism, with the 
exception of the valine dehydrogenase from Alcaligenes faecalis (33), which 
apparently has a random mechanism. Thus, although most of the enzymes from this 
class exhibit an ordered mechanism there is no consensu . 
The kinetic mechanism of saccharopine dehydrogenase (L-Lysine forming) 
from Saccharomyces cerevisiae, catalyzes the final step in the lysine biosynthetic 
pathway in yeast and catalyzes the reversible oxidative deamination of saccharopine 
to generate α-Kg and lysine using NAD as an oxidant (1). The last two enzymes in 
the pathway, saccharopine reductase and saccharopine dehydrogenase bind the same 
substrate, saccharopine, and catalyze oxidation of adjacent bonds in the secondary 
amine. SR and SDH have little or no similarity in their primary, secondary, and 
tertiary structure, with the exception of the Rossman fold which binds the 
dinucleotide (10, 34). The kinetic mechanism of the two enzymes is very similar, 
with ordered addition of NAD(P) and saccharopine and release of the reduced 
dinucleotide last. The addition of L-AASA and glutam te are ordered in the case of 
SR, while addition of α-Kg and lysine is random for SDH (22, 24 and this study). 
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Chemical mechanism of saccharopine reductase  
 
“Reproduced with permission from Biochemistry [Vashishtha, A. K., West, A. H., and Cook, P. F. (2009) Chemical Mechanism 
of Saccharopine Reductase from Saccharomyces cerevisiae, Biochemistry 48, 5899-5907] Copyright [2009] American 
Chemical Society.” 
 
3-1. Introduction  
L-Lysine is biosynthesized by the α-aminoadipate (AAA1) pathway in 
euglenoids and higher fungi such as basidiomycetes, and it is thus a potential target 
for the development of new antifungals (1).  The presence of the AAA pathway has 
been reported in Saccharomyces cerevisiae (2), Schizosaccharomyces pombe (3), 
Penicillium chrysogenum (4), Neurospora crassa (5), and Magnoporthe grisea, 
which is a plant pathogen (6), and human pathogenic fungi including Candida 
albicans (7), Aspergillus fumigatus (8) and Cryptococcus neoformans (7).  The 
amino acid sequence of saccharopine reductase (SR) is highly conserved in S. 
cerevisiae, A. fumigatus, C. albicans and C. neoformans.  In order to develop 
mechanism-based inhibitors that may serve as lead compounds for new antifungal 
drugs, the kinetic and chemical mechanisms of the enzyme must be known.   
The reductase (saccharopine dehydrogenase (L-glutamate forming), EC 
1.5.1.10) catalyzes the penultimate step in the AAA pathway in yeast, the 
condensation of L-α-aminoadipate-δ-semialdehyde with L-glutamate to give an 
imine which is reduced by NADPH to give saccharopine (6).  
Histidine-tagged SR from Saccharomyces cerevisiae has been overexpressed  
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in Escherichia coli and purified to about 98% using a Ni-NTA resin (9).  An ordered 
kinetic mechanism has been proposed for SR on the basis of initial velocity studies 
in the absence and presence of product and dead-end inhibitors (10).  The reduced 
dinucleotide substrate binds to enzyme first followed by L-α-aminoadipate-δ-
semialdehyde (AASA), which adds in rapid equilibrium prior to L-glutamate; 
saccharopine is released prior to NADP.  The pH optimum of SR from S. cerevisiae 
in the physiological reaction direction is 7.0 (11), while it is 9.5-9.75 in the direction 
of semialdehyde formation (11, 12). 
Recently, a chemical mechanism was proposed for saccharopine 
dehydrogenase (L-lysine forming) from Saccharomyces cerevisiae, an enzyme that 
catalyzes a chemical reaction identical to that of the reductase, oxidative deamination 
of saccharopine, but at an adjacent bond (16).  The structures of the two enzymes are 
dissimilar (5, 9, 34), and it is thus of interest to determine the chemical mechanism 
of SR, which has a different regiochemistry compared to SDH.  In this chapter, we 
present a detailed analysis of the pH dependence of the kinetic parameters and 
solvent kinetic deuterium isotope effects of the sacch ropine reductase.  This is the 
first report of an acid-base chemical mechanism of a saccharopine reductase. 
 
3-2. Materials and Methods 
3-2-1. Chemicals and Enzymes 
 L-Saccharopine and L-glutamic acid were from Sigma.  β-NADPH and β-
NADP were purchased from USB.  Mes, Mops, Ches and Hepes were obtained from 
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Research Organics. Deuterium oxide (99 atom % D) was purchased from Cambridge 
Isotope Laboratories, Inc.  All other chemicals were of the highest grade available 
and were used as purchased. 
Cell growth, expression, and SR purification were carried out as reported 
previously (10). 
 
3-2-2. Enzyme assay 
The SR reaction was monitored by the appearance or disappearance of 
NADPH at 340 nm (ε340, 6220 M
-1cm-1) using a Beckman DU-640 
spectrophotometer.  All assays were carried out in 500 µL total volume containing 
200 mM buffer, and appropriate concentrations of substrates. The reaction was 
initiated by adding 10 µL of appropriately diluted enzyme, and all enzyme dilutions 
were made fresh for each set of experiments.  All assays were carried out at 25 °C. 
 
3-2-3. Initial Velocity Studies at pH 9.0 
In order to determine whether the kinetic mechanism changes with pH, initial 
rate studies were carried out in the direction of formation of L-glutamate at pH 9.0.  
Initial rate data were collected as a function of NADP (0.02-0.5 mM) at different 
fixed concentrations of saccharopine (0.1-20 mM).   
 
3-2-4. Inhibition Studies  
Product and dead-end inhibition studies were carried out at pH 9.0 by 
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measuring the initial velocity with fixed substrates qual to their respective Km 
values and varying the concentration of one substrate around its Km value (0.5-5 Km) 
at different fixed concentrations of the inhibitor including zero. First, an estimate of 
the inhibition constant of an inhibitor was obtained by measuring the initial rate as a 
function of the inhibitor concentration with all substrates fixed at their respective Km
values. The apparent Ki was then calculated from a plot of 1/υ vs. I with the apparent 
Ki value equal to the abscissa intercept. Product inhibition patterns were obtained 
using NADPH as a product inhibitor vs. NADP and saccharopine. Glyoxylate was 
chosen as a dead-end analog of saccharopine and dead-end inhibition patterns were 
obtained for glyoxylate vs. saccharopine and NADP. 
 
3-2-5. pH Studies  
The pH dependence of V and V/K for all reactants in both reaction directions 
was obtained by measuring the initial rate as a functio  of one reactant with all 
others maintained at saturation (>10Km unless otherwise specified). The pH was 
maintained using the following buffers for the pH range indicated at a final 
concentration of 200 mM: Mes, 5.0-6.5; Mops, 6.5-7.; Hepes, 7.5-8.5; Ches, 8.0-
10.5.  The pH was measured before and after the reaction and no significant change 
in pH was detected.  In order to ensure that no effects of buffer were observed, data 
were obtained at the same pH when buffers were changed; no effects were observed.  
The enzyme is stable when incubated for at least 15 min over the pH range 5.0 to 
10.5. 
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3-2-6. Solvent Deuterium Kinetic Isotope Effects  
Initially, the pH and pD dependence of the kinetic parameters was measured 
and the isotope effect was estimated as the ratio of the pH(D) independent values.  
Solvent kinetic deuterium isotope effects were then measured by direct comparison 
of initial rates in H2O and D2O in the pH(D) independent range of the pH(D)-rate 
profiles (8.5-9.5).  D2OV2 and 
D2O(V2/KSacc) were obtained by measuring the rate as a 
function of saccharopine with NADP maintained at saturation (10Km).  All substrates 
and buffers were initially dissolved in a small amount of D2O and lyophilized to 
dryness.  The dried substrates and buffers were then re-dissolved in D2O to give the 
desired concentrations.  The buffers were titrated to the desired pD using DCl or 
NaOD.  The pD value was obtained by adding 0.4 to the pH meter reading (13, 17). 
 
3-2-7. Proton Inventory  
In the direction of glutamate formation, finite solvent deuterium kinetic 
isotope effects were observed, and proton inventory experiments were carried out to 
measure the solvent deuterium kinetic isotope effects more accurately and estimate 
the number of proton(s) in flight in the rate-determining transition state(s) (35).  
V1/KGlu was measured at pH(D) 7.0 in 100% H2O, 20% D2O, 40% D2O, and 85% 
D2O with glutamate as the variable substrate at fixed concentrations of NADPH (10 




3-2-8. Effect of Solvent Viscosity  
In order to determine whether the finite solvent deuterium isotope effect 
included an effect of increased solvent viscosity, 9 % glycerol (w/v) was used as the 
viscosogen, which generates the same relative viscosity as 100% D2O at 25°C (35).  
For viscosity dependence studies with L-glutamate as a substrate, the V and V/K for 
L-glutamate were measured in the absence of glycerol and in the presence of 9% 
glycerol as a viscosogenic agent. 
 
3-2-9. Primary Kinetic Deuterium Isotope Effects  
The initial rate was measured as a function of L-glutamate with NADH(D) 
and α-AASA maintained at 0.7 mM (0.3Km) and 10Km, respectively. Saturation by 
NADH was not achieved, so the isotope effect on V/KGlu was the only effect 
measured.  All isotope effects were measured in triplicate, and the SEM is reported. 
 
3-2-10. Data Analysis  
Initial velocity data obtained in both reaction directions were fitted to eqs. 1 
and 2 using the Enzfitter program from BIOSOFT, Cambridge, U.K., and programs 













Vυ       (2) 
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               (3) 
 
 
In eqs 1, 2 and 3, υ and V are the observed initial rate and the maximum rate,
respectively, A and B are substrate concentrations, Ka and Kb are Michaelis constants 
for substrates A and B, respectively, Kia is the dissociation constant for the EA 
complex and KIB is the substrate inhibition constant for B. 
pH-rate profiles were generated by plotting log V/Et and log V/KEt values as 
a function of pH to assess data quality and to determine the appropriate rate equation 
for data fitting.  pH rate-profiles that exhibited a slope of 1 at low pH and -1 at high 
pH were fitted using eq. 4, while those that exhibited a slope of 1 at low pH were 
fitted using eq. 5. pH-rate profiles with a slope of 1 at low pH and a slope of -2 at 

































































































In eqs 4-6, y is the observed value of the parameter (V or V/K) as a function 
of pH, C is the pH-independent value of y, H is the hydrogen ion concentration, K1, 
K2, and K3 represent acid dissociation constants for functional groups on the reactant 
or enzyme required in a given protonation state for optimal binding and/or catalysis; 
K0 is an average value for two acid dissociable groups. 
The proton inventory data were fitted using the form of the Gross–Butler 
equation given in eq. 8 (35) 
 
2)1(2 TODn nnkk φ+−=        (8) 
 
In eq. 8, nk is the ratio of the rate constants (V or V/K) measured in different 
fractional concentrations of D2O compared to 100% D2O, 
D2Ok is the solvent 
deuterium isotope effect, i.e., the ratio of the rate constants in 100% H2O and 100% 
D2O, n is the fractional concentration of D2O, and φ T is the fractionation factor for 




3-3-1. Initial velocity studies at pH 9.0  
In order to determine whether the kinetic mechanism depends on pH, initial 
velocity patterns were obtained at pH 9.0. In the dir ction of glutamate formation the 
initial rate was measured as a function of saccharopine at different fixed 
concentrations of NADP.  An intersecting pattern was obtained.  Substrate inhibition 
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by saccharopine is observed that is uncompetitive vs. NADP.  Data were fitted to eq. 
3, and estimates of kinetic parameters are summarized in Table 3-1.   
 
Product inhibition by NADPH is competitive vs. NADP and noncompetitive 
vs. saccharopine, consistent with addition of the cofa tor to free enzyme. Glyoxylate 
is competitive vs. saccharopine and uncompetitive vs. NADP consistent with the 
ordered mechanism reported previously (10). Inhibition constants are summarized in 
Table 3-2. 
 
3-3-2. pH Dependence of Kinetic Parameters  
The pH dependence of kinetic parameters provides information on groups 
required in a given protonation state for optimum binding of reactant and/or catalysis 
(17).  The pH dependence of kinetic parameters of the SR reaction was determined, 
and the results are shown in Figures 3-1 and 3-2.  In the direction of saccharopine 
formation, V1/Et exhibits a slope of +1 at low pH with a pKa of 5.7 and decreases at 
high pH with a pKa of 7.9, Fig. 3-1A. 
NADPH is the first reactant bound in an ordered mechanism, and 
V1/KNADPHEt is the on-rate constant for NADPH binding to enzyme. The pH 
dependence of V1/KNADPH reflects groups important for binding the dinucleotide.  The 
pH-rate profile has limiting slopes of +1 and -2, giving pKa values of 6 on the acidic 
side, and an average pKa of 8.2 on the basic side, Fig. 3-1B.  The group with a pKa of 
6 likely reflects the 2’-phosphate of NADPH, which must be ionized for optimum 
binding (36).  The groups with an average pKa of 8.2 likely represents an enzyme 
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group that must be protonated for optimum binding of the dinucleotide, probably 
interacting with the 2’-phosphate and the group observed in the V1/Et pH-rate profile, 
i.e., the protonation state of a catalytic group affects the binding of the nucleotide 
substrate.  The V1/KEt for glutamate exhibits a slope of -2 at high pH, giving pKas of 
7.8 and 8.5 and a slope of 1 on the acid pH side with a pKa of 5.6, Fig. 3-1C. The pKa 
of 7.8 likely reflects the same enzyme side chain observed in the V1/Et pH-rate 
profile important for catalysis and/or binding and this will be considered in detail in 
the Discussion section.  pKa values are summarized in Table 3-3.  Estimates of the 
pH-independent values of the kinetic parameters are as follows: V1/Et, 1.9 ± 0.1 s
-1,  
 
Table 3-1: Kinetic Parameters for SR in the Direction of AASA Formation at pH 7.0 
and 9.0 
 
                  pH 9 pH 7a 
V2/Et (s
-1) 13 ± 1 1.06 ± 0.02 
V2/KNADPEt (M
-1s-1) (8.5 ± 1.2) x 104 (5.67 ± 0.01) x 103 
V2/KSaccEt (M
-1s-1) (1.7 ± 0.3) x 104 (1.6 ± 0.3) x 102 
KNADP (mM) 0.15 ± 0.01 0.187 ± 0.006 
KSacc (mM) 0.77 ± 0.12 6.6 ± 0.2 
KiNADP (mM) Undefined 0.020 ± 0.004 
KISacc (mM) 12 ± 2  
   a from ref. (10). 
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V1/KNADPHEt, (7.1 ± 0.5) x 10
4 M-1s-1, and V1/KGluEt, (52 ± 5) M
-1s-1. 
In the direction of AASA formation, V2/Et decreases at low pH with a 
limiting slope of +1 giving pKa value of 7.2, Fig. 3-2A. V2/KNADPEt decreases at high 
and low pH with limiting slopes of -1 and +1, giving pKa values of 10.6 and, 6.2 Fig. 
3-2B.  V2/KSaccEt also decreases at low and high pH giving pKa values of 7.6 and 9.9, 
Fig. 3-2C. pKa values are summarized in Table 3-3. The pH-independent values of 
kinetic parameters are as follows: V2/Et, 7.8 ± 0.4 s
-1, V2/KNADPEt, (2.0 ± 0.2) x 10
4 
M-1s-1, and V2/KSaccEt, (2.9 ± 0.5) x 10
4 M-1s-1. 
 
Table 3-2: Summary of Product and Dead End Inhibition Data for SR at pH 9.0 in the Direction 











Observed            
NADP Saccharopine 
(Km) 
NADPH 0.027 ± 0.001  
 
N/A C 
Saccharopine NADP  
(Km) 





Glyoxylate 14 ± 2 N/A C 
NADP Saccharopine 
(Km) 
Glyoxylate   15 ± 1 UC 
 
N/A is not applicable. 
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3-3-3. Primary Kinetic Deuterium Isotope Effect with NADH a Slow Substrate  
 The primary deuterium kinetic isotope effects on V and V/KGlu, obtained with 
NADPH(D) are 1 and 0.87 respectively, (10). In order to obtain an estimate of the 
rate of the catalytic steps with the natural substrates, the isotope effect on the hydride 
transfer step was measured with the slow substrate, NADH(D). An estimate of 
V1/KNADH.Et was obtained by measuring the initial rate as a functio  of NADH 
concentration with AASA and glutamate fixed at 10Km. KNADH is high and saturation 
was not attained. The V1/KNADHEt is (24 ± 0.9) M
-1s-1. The ratio of V1/KNADPHEt and 
V1/KNADHEt at pH 7.0 is (2.9 ± 0.2) x 10
4. The isotope effect on V1/KGlu at pH 7.0 is 
1.9 ± 0.7. 
 
Table 3-3:  Summary of pKa values for SR 
Parameter pK1 pK2 pK3 
 Forward Reaction  
V1 5.7 ± 0.2 7.9 ± 0.1   
V1/KNADPH 6.0 ± 0.2  8.2 ± 0.1
a  
V1/KGlu 5.6 ± 0.1 7.8 ± 0.1 8.5 ± 0.2 
 Reverse Reaction  
V2 7.2 ± 0.1   
V2/KNADP 6.2 ± 0.1 10.6 ± 0.1  
V2/KSacc 7.6 ± 0.1 9.9 ± 0.2  
 





Figure 3-1: pH dependence of kinetic parameters in the direction of saccharopine formation.  
pH dependence of: A. V1/Et;  B. (V1/KNADPH)Et;  C. (V1/KGlu)Et.  All data were obtained at 25°C.  
Points are experimental, while curves are based on a fit of the data to eq. 4 for (A), eq. 7 (B) or 






Figure 3-2: pH dependence of kinetic parameters in the direction of glutamate formation.  pH 
dependence of: A. V2/Et;  B. (V2/KNADP)Et;  C. (V2/KSacc)Et.  All data were obtained at 25°C.  
Points are experimental, while curves are based on a fit of the data to eq. 5 (A) or 4 (B, C). 
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3-3-4. Effect of Solvent Deuterium and Viscosity  
Initial rates were measured at saturating NADP, varying saccharopine over 
the pH(D) range 6.5-10.5, Fig. 3-3.  Solvent isotope effects were calculated as the 
ratio of the pH(D) independent values of V2 and V2/KSacc.  Equal values of 1.8 ± 0.1 





Figure 3-3: pH(D) dependence of V2/Et and  (V2/KSacc)Et at 25 °C in the direction of glutamate 
formation.  A. V2/Et vs. pL (pH or pD) in H2O (♦) and in D2O (■). B. (V2/KSacc)Et in H2O (♦) and 
D2O (■).  Points are experimental, while curves are based on a fit of the data to eq. 5 (A) and eq. 
4 (B). 
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Glycerol was used as a viscosogen for SR.  The ratio of the values of V1 and 
V1/KGlu determined in H2O and at a relative viscosity of 1.24 are within error equal.  
Therefore, the values of the observed solvent isotope effects, D2OV2 and 
D2O(V2/Ksacc), 
result from a classical isotope effect and not from an effect of the increased viscosity 
of 100% D2O. 
 
3-3-5. Proton Inventory  
A proton inventory is obtained from the change in V/KGlu with the 
concentration of D2O. At pH(D) 7.0, the proton inventory is shown in Figure 4. The 
proton inventory is nonlinear and can be best described as concave upward.  A fit of 
the Gross-Butler equation to the data gives D2Ok = 1.72 ± 0.07, within error equal to 
that estimated from the pH(D) profiles, and φ T = 0.70 ± 0.04 for the two protons in 
the rate-determining transition state in the reaction catalyzed by SR in the direction 
of saccharopine formation. 
 
3-4. Discussion 
3-4-1. Initial Velocity Studies at pH 9.0  
In the direction of saccharopine oxidative deamination, a double reciprocal 
plot of initial rate vs. saccharopine concentration at different fixed levels of NADP 
exhibits substrate inhibition by saccharopine that is uncompetitive vs. NADP.  The 
substrate inhibition suggests binding of saccharopine to the E-NADPH complex 
which builds up in the steady state; KISacc is 12 mM. Substrate inhibition by  
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Figure 3-4: Proton Inventory. Dependence of (V1/KGlu) on the fraction of deuterium (n) in 
solvent.  Velocities were measured at a pH(D)-indepndent value of 7.0 in 100% H2O, 20% D2O, 
40% D2O, and 85% D2O.  Points are experimental values, and the curve is drawn through 
predicted values.  The dotted line is theoretical for a linear proton inventory. 
 
saccharopine is complete since the initial rate tends to zero as the substrate 
concentration tends to infinity. Values of V2/KNADPEt and V2/KsaccEt are 8.5 x 10
4 M-
1s-1 and 1.7 x 104 M-1s-1, lower than the diffusion limited rate constant of 108-109 M-
1s-1, suggesting little, if any limitation by diffusion. 
Product inhibition by NADPH is competitive vs. NADP and noncompetitive 
vs. saccharopine, suggesting NADP is the first substrate to add to enzyme followed 
by saccharopine, which adds to the E-NADP binary complex. In agreement, 
glyoxylate, a dead-end analog of saccharopine, is competitive against saccharopine 
and uncompetitive vs. NADP, indicating binding to the E-NADP complex. Overall, 
data are consistent with the ordered mechanism reported at pH 7.0 (10). As 
suggested above, the uncompetitive substrate inhibition by sacharopine suggests 
release of NADPH contributes to rate limitation at pH 9.0 in the direction of 
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glutamate formation. An estimate of the contribution can be obtained from the 
difference in pKa values of V2/Et and V2/KSaccEt. The pKa observed for V2/KSaccEt is 
likely close to the intrinsic pKa, for an enzyme side chain (see below, Interpretation 
of pH Dependence of Kinetic Parameters). The pKa observed in the V2/Et pH-rate 
profile is perturbed to lower pH by about 0.4 pH units. The perturbation of the pKa is 
dependent on the ratio of the net rate constant of the chemical steps to the rate 
constant for release of NADPH; app pKa = pKa -log (1+kchem/koffNADPH) (15). A value 
of 1.5 is estimated for kchem/koffNADPH; suggesting the release of NADPH is 1.5 times 
slower than the rate of the chemical step. This would give a value of about 8 mM for 
the KI for saccharopine substrate inhibition corrected to 100% E:NADPH. 
 
3-4-2. Interpretation of Solvent Deuterium Kinetic Isotope Effects   
Isotope effects were previously measured using NADPH(D) in the direction 
of saccharopine formation (10). A value near unity was observed for DV1, while an 
inverse effect of about 0.87 was observed for D(V1/KGlu). Data were interpreted in 
terms of a slow release of products, including sacch ropine. A primary deuterium 
isotope effect of 1.9 ± 0.7 is estimated on V1/KGlu using NADH(D). Although not 
well defined, a finite normal isotope effect is observed.   
Solvent isotope effects probe proton transfer in chemical reactions. As a 
result, solvent isotope effects were measured for the SR reaction in the direction of 
AASA formation as the ratio of the pH(D) independent values in the pH(D) rate 
profiles. It is important to note that equilibrium solvent deuterium isotope effects are 
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observed on the pKa values of acid dissociable groups of oxygen or nitogen 
containing acids and bases that result in an increase in the pKa by 0.4-0.6 pH units 
(35).  As seen in Fig. 3, the expected shift in the pKa is observed reflecting the 
equilibrium isotope effect, and in addition, the pHindependent value is lower in D2O 
than in H2O, indicating a kinetic isotope effect. A normal effect of 1.8 is observed on 
V2 and V2/KSacc. The change in solvent viscosity that results from substitution of D2O 
for H2O can account for solvent isotope effects (37, 38).  Kinetic parameters at 
increased viscosity are identical, within error, to th se observed in H2O, strongly 
suggesting the isotope effects are not a consequence of the change in solvent 
viscosity. The finite solvent isotope effect and con ave upward proton inventory are 
consistent with the rate determining conformational change to open the site and 
release products. An estimate of the number of protons important to the overall 
reaction and the number of proton transfer steps that contribute to rate limitation can 
be obtained from the proton inventory method (35).  If a single proton is transferred 
in the rate-limiting transition state, a plot of the rate constant versus atom fraction of 
deuterium (n) will be linear. If more than one proton is transferred in a single 
transition state, the plot will be concave upward, while if protons are transferred in 
multiple transition states, the plot will be concave downward. A concave upward 
proton inventory is observed for V1/KGlu, suggesting that more than one proton is 
transferred in a single transition state. The reaction catalyzed by SR involves two 
protons and these protons have identical fractionat factors, suggesting equal 
contributions to the transition state for both protons (Attempts to fit the data to other 
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forms of the Gross-Butler equation, e.g., allowing the fractionation factors for both 
protons to be independent, failed). Data suggest a proton transfer is involved in the 
rate-limiting step in the reaction.  Given the results with NADPH(D), the step(s) 
must involve the conformational change to open the site and release products.  
 
3-4-3. Interpretation of pH Dependence of Kinetic Parameters  
The maximum rate, V, is obtained at saturating concentrations of all 
substrates, and the dominant enzyme form will depend on the location of the slow 
step(s). As suggested above, the slow step occurs after the chemical steps and 
accompanies product release. The V/K for a reactant is obtained at limiting 
concentrations of one of the reactants and saturating levels of all others, and free 
substrate and the enzyme form to which the substrate binds are dominant in the 
steady state. The V profile reflects groups required in a given protonation state for 
catalysis, while the V/K profile will reflect the protonation state of groups on reactant 
and/or enzyme responsible in a given protonation state for binding and/or catalysis 
(17).  In an ordered mechanism, the V/K for all of the reactants with the exception of 
the last one to add is the on rate constant for binding reactant to enzyme, and its pH 
dependence will thus reflect groups important for binding. 
In the direction of saccharopine formation, the free enzyme and NADPH 
predominate for the V1/KNADPH profile, while E-NADPH-AASA and glutamate 
predominate for the V1/KGlu profile. However, AASA adds in rapid equilibrium prior 
to glutamate, and as a result KAASA is zero and thus a V1/KAASA profile was not 
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obtained.  In the non-physiologic reaction direction, the free enzyme and NADP 
predominate for the V2/KNADP profile, while E-NADP and free saccharopine 
dominate for the V2/KSacc profile, and the enzyme form that precedes the slow tep(s) 
at saturating substrates dominates for the V2 pH-rate profile. 
The V1/KNADPH exhibits the requirement for a group with a pKa of 6 that must 
be unprotonated and two groups with an average pKa of 8.2 that must be protonated 
for optimum binding of NADPH.  The V2/KNADP reflects the need for a group with a 
pKa of 6.2 that must be unprotonated, and a second group with a pKa of 10.6 required 
protonated for optimum binding of NADP. The ionizaton state of the 2’-phosphate 
of NADP(H) is often an important binding determinant for NADP-dependent 
enzymes, e.g., as seen for glutathione reductase (39). In agreement, the V/K for 
NADH is 104-fold lower than that of NADPH. The pKa of the 2’-phosphate is 6.1 
(36), within error identical to the pKa of 6-6.2 observed in the V1/KNADPH and 
V2/KNADP pH-rate profiles. A group that must be protonated is observed in the pH-
rate profile of V2/KNADP, with pKa value of 10.6. An arginine (R34) is within 
hydrogen-bonding distance to the 2’-phosphate of the dinucleotide substrate, Fig. 5 
(6, 9). The group with a pKa of 10.6 observed in the V2/KNADP pH-rate profile may 
reflect R34, which forms a salt bridge with the 2’-phosphate. One of the groups with 
an average pKa of about 8.2 observed in the V1/KNADPH pH-rate profile that must be 
protonated is likely the same group seen in the V1 and V1/KGlu pH-rate profiles, and 
this will be discussed below under P oposed Chemical Mechanism. The function of 
the second group with a pKa of 8.2 is not known. If the pH-rate profile could be 
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extended to higher pH, the group with a pKa of 10.6, thought to reflect R34, should 
also be observed.    
  The V1/KGlu profile exhibits the requirement for groups with pKas of about 7.8 
and 8.5 that must be protonated, and a group with a pKa of 5.6 that must be 
unprotonated for optimum binding and catalysis. Thegroup with a pKa of 7.8 is also 
observed in the V1  pH-rate profile, and likely reflects the catalytic general acid 
group, which protonates the carbonyl oxygen of AASA as the carbinolamine is 
formed upon attack by the α-amine of glutamate.  In agreement, a group on enzyme 
with a pKa of 7.2-7.6 is observed in the V2 and V2/KSacc pH-rate profiles that must be 
unprotonated for catalysis in the direction of glutamate formation. In the reverse 
reaction direction the group activates H2O as it attacks the imine carbon formed upon 
oxidation of saccharopine and thus must be unprotonated.  In the non-physiologic 
reaction direction (formation of glutamate), the observed pKa in the V2/KSacc pH-rate 
profile is 7.6, probably the intrinsic pKa for the catalytic group, is perturbed to higher 
pH in the opposite direction (V1/KGlu pH-rate profile). It is possible that the group 
responsible is D125, which is in the vicinity of the saccharopine secondary amine in 
the structure of the E-NADPH-saccharopine complex of SR from Magnaporthe 
grisea, a closely related homolog of the S. cerevisiae SR (6). This residue is 
completely conserved in SR amino acid sequences from fungi including S. cerevisiae 
and human pathogenic fungi such as Candida albicans (7), Aspergillus fumigatus (8) 
and Cryptococcus neoformans (7). 
The group with a pKa of 5.6, observed in the V1/KGlu and V1 pH-rate profiles 
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is likely a base required to accept a proton from the α-amine of glutamate prior to its 
nucleophilic attack on the semialdehyde carbonyl. One would also expect to see this 
group in the V2/KSacc pH-rate profile if it could be extended to lower pH, since the 
same group is responsible for accepting a proton frm the saccharopine secondary 
amine. The identity of this group is at present unknown. 
The V2/KSacc pH-rate profile exhibits a pKa of 9.9, while the V1/KGlu pH-rate profile 
exhibits a pKa 8.5. These groups are not observed in V2 or V1 pH-rate profiles, and 
thus reflect binding groups for saccharopine and glutamate, respectively. The pKa 
value of the secondary amino group of saccharopine is 10.1 (16), while the pKa of 
the α-amine of glutamate is about 9.5 (36). Thus, the additional binding groups likely 
reflect the substrate amine pK values, suggesting they must be protonated for 
optimum binding.   
It is also possible that substrates bind with their amine unprotonated, and that 
they are in reverse protonation state with an enzyme group, i.e., although the pKa is 
observed on the basic side, the group must be unprotonated for optimum binding, 
while the group observed on the acid side must be protonated (15). Data are not in 
agreement with this suggestion. Reverse protonation may work in the direction of 
saccharopine formation since pKa values are observed on the acid and base sides of 
the V1/KGlu pH-rate profile and a general acid catalyst is required in this reaction 
direction. However, in the opposite reaction direction, reverse protonation states 
would require that the saccharopine secondary amine is unprotonated and the 
enzyme group is protonated. Since a general base is r quired in this reaction
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Figure 3-5:  Stereo view of a close-up of the saccharopine reductase from M. grisea (PDB code 
1E5Q) binding site for NADP(H). Residues that interact with the cofactor and their hydrogen-
bonding distances are shown.  The following color scheme is used: C, green, O, red, N, blue; and 
P, orange.  This figure was generated using the PyMOL molecular visualization program 
(website: http:// pymol.Sourcefor ge.net/). 
 
 
direction, data are not in agreement with reverse protonation states. Thus, the α-
amine of glutamate and the secondary amine of saccharopine must be protonated for 
appropriate binding and catalysis and an enzyme group must act as a base to accept a 
proton prior to reaction. The only group observed on the acid side of the V1/KGlu pH-
rate profile is the one with a pKa of 5.6.  
 
3-4-4. Proposed Chemical Mechanism of Saccharopine Reductase  
On the basis of the pH-rate profiles, an acid-base ch mical mechanism is 
proposed as shown in Scheme 3-1. The reaction begins with all reactants bound (I), 
which requires the α-amine of L-glutamate protonated (Fig. 3-6), and NADPH bound 
with its 2'-phosphate ion paired with R34 on enzyme (Fig. 3-5). As seen in Fig. 3-6, 
the α-carboxylates of L-glutamate and AASA are within hydrogen bond distance to 
arginine residues, while the γ-carboxylate of L-glutamate is within hydrogen bond 
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distance to a tyrosine and serine. An enzyme group with a pKa of 5.6-5.7, B2, accepts 
a proton from the α-amine of glutamate to generate the neutral amine that can act as 
a nucleophile (II). The α-amine of glutamate attacks the carbonyl of the 
semialdehyde to generate the carbinolamine, which is protonated by a second 
enzyme group with a pKa of about 7.8-8, B1, which may be D125 (III). The distance 
between the closest oxygen of D125 and the 2o amine nitrogen of saccharopine is 
long enough (5.57 Å) to accommodate a water molecule. The protonation state of 
this group apparently affects the binding of NADPH, but not NADP, since it is 
observed in the V1/KNADPH pH-rate profile. The reason for the effect on NADPH 
binding is not obvious, but may reflect optimizing the conformation of the Michaelis 
complex.  
A proton is accepted from the carbinolamine (III), to give the neutral 
carbinolamine (IV), which can then collapse, expelling water with a proton donated 
by B1 (V).  NADPH reduces the imine, generating the unprotonated secondary amine 
(VI), which is protonated by B1 (VII), and saccharopine is released. On the basis of 
the finite solvent deuterium kinetic isotope effect, the release of saccharopine may be 
coupled to a conformational change accompanying proton transfer to the secondary 
amine nitrogen. The proposed mechanism is now being tested using site-directed 
mutagenesis. An important question is the identity of the general acid that accepts a 








































































































Scheme 3-1:  Proposed Chemical Mechanism for Saccharopine Reductase.  I, the central E-
NADPH-AASA-glutamate complex formed upon binding of substrates; II, production of the 
neutral amine of glutamate, which acts as a nucleophile attacking the carbonyl of the 
semialdehyde; III, protonated carbinolamine intermediate; IV, neutral carbinolamine 
intermediate; V, the protonated imine intermediate; VI, neutral L-saccharopine formed upon 




3-4-5. Comparison to Other NAD(P)-dependent Oxidative Deaminases  
The enzymes that are involved in pyridine nucleotide-dependent oxidative 
deamination reactions can be roughly divided into tw classes, those that carry out 
the oxidative deamination of primary amines and those that function with secondary 
amines. Of the primary amine dehydrogenases, glutamate (18-22) and alanine (19, 
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23, 24) dehydrogenases are well studied. However, the closest relative to SR is 
saccharopine dehydrogenase (SDH), which catalyzes th  reaction following that 
catalyzed by SR and results in the formation of lysine and saccharopine. Indeed, the 
reaction chemistry is identical and occurs at a C-N bond adjacent to the C-N bond 
formed by SR (1). The SDH from S. cerevisiae was the only secondary amine 
dehydrogenase that has been characterized with respect to its chemical mechanism 
prior to this study (16, 25-27). The mechanism of the closely related SDH will be 
considered first. 
 Saccharopine is a common substrate for the last two enzymes of the AAA 
pathway and as suggested above SR and SDH differ in their regio-chemistry. In spite 
of the two enzymes having virtually no identity in their primary, secondary, and 
tertiary structure (9, 34), they catalyze the same reaction. Both enzymes utilize he 
same general acid-base catalytic strategy to catalyze their reaction. Beginning with 
saccharopine and NAD(P), the enzymes both utilize two bases to catalyze the 
reaction.  In both cases the secondary amine of saccharopine must be protonated for 
optimum binding and reaction, as is true for the α-amine of glutamate (SR) and the ε-
amine of lysine (SDH). A second base carries out most of the chemistry in both 
cases, i.e., beginning with sacchaopine, hydrolysis of the imine formed upon 
oxidation.  The identity of the catalytic groups in SDH has not yet been determined, 
but there is no paucity of groups in the active sitand in proximity to reactants that 
can serve in this capacity. On the other hand, there are no obvious candidates, other 
 than D125, that can serve as a catalyst in the active site of SR. In addition, chemistry 
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contributes to rate limitation in SDH, while product release limits the SR reaction.  
α-Amino acid dehydrogenases, such as glutamate and alanine dehydrogenase 
generate ammonia, a α-keto acid, and reduced pyridine dinucleotide as products of 
the oxidative deamination reaction (28).  The glutamate dehydrogenases (GDH) from 
bovine liver and Chlorella sorokiniana have been studied, and an acid-base chemical 
mechanism has been proposed on the basis of pH-rate and pKi profiles (29, 30).  
Chemical mechanisms of other amine dehydrogenases, including alanine 
dehydrogenase from Bacillus subtilis (31), L-phenylalanine dehydrogenase from 
Rhodococcus sp. M4 (32), and leucine dehydrogenase from Bacillus 




Figure 3-6:  Stereo view of a close-up of the active site of saccharopine reductase from M. grisea 
(PDB code 1E5Q).  Residues that interact with saccharopine and their hydrogen-bonding 
distances are shown.  Colors are as in the legend to Fig. 3-5.  This figure was generated using the 
PyMOL molecular visualization program. 
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The chemical mechanisms of the above primary amine dehydrogenases are 
very similar to one another. They all employ general acid-base catalysis and the 
chemical mechanisms are similar overall, and very similar to the strategy utilized by 
the secondary amine dehydrogenases.  The main differenc  between the two classes 
of dehydrogenase is the protonation state of the α-amine of the substrate, glutamate 
or alanine. The secondary amine dehydrogenases bind saccharopine with its 
secondary amine protonated, while the primary amine dehydrogenases selectively 
bind reactant with a neutral amine (29, 31). Oxidation generates the protonated 
imine, which is attacked by water, activated by an active site lysine. The same group 
then functions to generate the ammonia and ketone products. The neutral ammonia is 
then released, opposed to the protonated α-amine of glutamate or lysine in the 
secondary amine dehydrogenases. Another difference i  the primary amine 
dehydrogenases is the identity of the acid-base catalyst. L-Glutamate (29) and 
phenylalanine (32) dehydrogenases utilizes a lysine as the base, while alanine 
dehydrogenase uses a histidine (31). The identity of the base may also differ in the 
secondary amine dehydrogenases, but this will have to await additional studies that 
are now in progress. 
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CHAPTER 4 
Overall Discussion and Conclusion 
 
Saccharopine reductase (SR) (EC 1.5.1.10) is the penultimate enzyme in the 
α-aminoadipate pathway encoded by LYS9 gene in S. cerevisiae. Saccharopine 
reductase (SR) catalyzes the condensation of L-α-aminoadipic acid-δ-semialdehyde 
with L-glutamate to form an imine which is subsequently reduced by NADPH to 
give saccharopine. The last two enzymes in lysine biosynthesis pathway namely 
saccharopine reductase and saccharopine dehydrogenase (L-Lysine forming) use the 
same substrate saccharopine and catalyze oxidation of adjacent bonds in 
saacharopine. These two enzymes have very little sequence homology at the amino 
acid level so it is of interest to study how these nzymes catalyze similar reactions 
i.e. oxidation of adjacent bonds in saccharopine.  
 
4.1. Kinetic Mechanism of Saccharopine Reductase. 
Kinetic studies have been carried out for SR at pH 7.0 and a sequential 
kinetic mechanism has been proposed for SR on the basis of initial rate studies, 
product inhibition studies, dead end inhibition studies, and isotope effect studies, 
scheme 4-1. In the forward reaction direction, the m chanism involves the ordered 
addition of reduced nicotinamide adenine dinucleotide phosphate (NADPH) to the 
free enzyme followed by L-α aminoadipate-δ-semialdehyde (L-AASA) which adds 
in rapid equilibrium prior to L-glutamate in the forward reaction direction. In the 
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reverse reaction direction, nicotinamide adenine dinucleotide phosphate (NADP) 




Scheme 4-1. Proposed Kinetic Mechanism for SR. Dead end analogues of the substrates are 
shown in parentheses. 
 
 
Primary kinetic deuterium isotope effect studies show that D(V/KNADPH) is 
within error 1 corroborating the proposed mechanism. The inverse isotope effect 
observed for D(V/Kglutamate) suggests the hydride transfer step is close to equilibrium 
in the steady state and step(s) after reduction of the imine limits the overall reaction, 
likely the conformational change to open the active sit  to release saccharopine (1). 
This proposition is also supported by the solvent iso ope effect and proton inventory 
studies which suggest that protons are in flight in the rate determining steps along the 
reaction pathway. 
A comparison of the kinetic mechanism of SR with other amine 
dehydrogenases has been discussed with emphasis on the comparison with 
saccharopine dehydrogenase. The kinetic mechanism of the two enzymes is very 
similar, with ordered addition of the dinucleotide and saccharopine and release of the 
reduced dinucleotide last. In the case of SR the addition of L-AASA and glutamate 
E E:NADPH E:NADPH:AASA (E:NADPH:AASA:L-glutamate E:NADP:saccharopine) E:NADP E
NADPH AASA L-glutamate saccharopine NADP
(α-Kg) glyoxylic acid)acid)
(aminoheptenoic (NOG, α-Kg, leu
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are ordered, while α-Kg and lysine can add randomly to the E:NADPH binary 
complex for SDH (1, 2, 3). 
 
 4.2. Chemical Mechanism of Saccharopine Reductase. 
pH-rate profiles and solvent isotope effect studies w re carried out to probe 
optimum protonation states of functional groups on enzyme and substrates required 
for binding and catalysis. On the basis of pH-rate profiles and solvent isotope effect 
studies the chemical mechanism of SR has been proposed, Scheme 4-2. The 
mechanism involves binding of L-glutamate and AASA in protonated state along 
with NADPH to the enzyme. A general base B2 accepts a proton from the primary 
amine of glutamate generating a nucleophile which attacks the carbonyl carbon of 
AASA. This is followed by the formation of the carbinolamine intermediate 
catalyzed by a general acid-base catalyst B1. The next step involves the expulsion of 
a water molecule to give protonated imine which is reduced by NADPH to produce 
L-saccharopine. In the final step, the general acid B2:H protonates the secondary 
amine of saccharopine resulting in the formation of pr tonated saccharopine (4). The 
proposed chemical mechanism of SR is very similar to that proposed for SDH (7). 
Both enzymes catalyze the oxidation of saccharopine bonds at adjascent positions 
and the proposed mechanisms of these enzymes are also very similar involving a 
major acid-base catalytic group which carried out most of the chemistry in the 
reaction and another gropu which is participates only in the final step of the reaction 
to protonate the secondary amine of saccharopine. Th  identity of the general acid-
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base catalysts in both enzymes is presently under study.  
Site directed mutagenesis has been carried out for SR to determine the 
identity of the general acid-base catalyst. Substrate bound active site structure of SR 
from M. grisea and multiple sequence alignment results show that the residues D125, 





































































































Scheme 4-2. Proposed Chemical Mechanism for Saccharopine Reductase.  I, the central E-
NADPH-AASA-glutamate complex formed upon binding of substrates; II, production of the 
neutral amine of glutamate, which acts as a nucleophile attacking the carbonyl of the 
semialdehyde; III, protonated carbinolamine intermediate; IV, neutral carbinolamine 
intermediate; V, the protonated imine intermediate; VI, neutral L-saccharopine formed upon 
hydride transfer from NADPH; and VI, protonated saccharopine.   
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parameters for these single mutant enzymes and of the double mutants D125A-
C154S, D125A-Y99F and C154S-Y99F indicate that these r idues are important for 
the reaction but the pH-rate profiles show that none f these residues act as the 
catalyst. Further studies need to be carried out to identify the residue which plays the 
catalytic role in the reaction catalyzed by SR. Despit  the structural dissimilarities 
among these two enzymes, they show similarity in their order of addition of 
substrates and release of products with little variation. The chemical mechanisms of 
these enzymes are also strikingly similar suggesting that the imine dehydrogenases 
employ similar catalytic strategies to catalyze their r actions.  
 
4.3. Future Studies 
 Kinetic and chemical mechanisms for SR have been proposed and described 
in this dissertation. The apo structure of SR from S. cerevisiae and a ternary 
E:NADPH:saccharopine complex of SR from M. grisea were solved to 2.0 and 2.1 
Å, respectively (5, 6). However, to date there is no substrate bound structu e of SR 
from S. cerevisiae which is required to test the proposed chemical mechanism. 
Determination of ligand bound structures of SR would help to confirm the proposed 
chemical mechanism and would shed more light on the orientation and binding of the 
substrates in the active site. 
 Thus far, the identity of the general acid-base catalyst in the reaction is not 
known. Site directed mutagenesis studies show that D125, C154 and Y99 residues 
are important but do not play a catalytic role in the mechanism. The primary amino 
group of saccharopine is another candidate which is in a position to assist in the 
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reaction by anchimeric assistance and further studies are required to elucidate its role 
in the reaction mechanism. Thr245 residue is in hydrogen bonding distance to the 
amino group of saccharopine, hence site directed mutagenesis should be employed to 
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LIST OF ABBREVIATIONS 
 
 
AAA   α-aminoadipic acid 
AASA  α-aminoadipic acid-δ-semialdehyde 
ADP  adenosine diphosphate 
Amp   ampicillin 
AMP   adenosine monophosphate 
3-APADP 3-acetyl pyridine adenine dinucleotide phosphate 
ATP   adenosine triphosphate 
Bis-Tris  bis (2-hydroxyethyl) imino-tris (hydroxymethyl) methane 
C   competitive 
Ches  2-(N-cyclohexylamino)-ethanesulfonic acid 
DAP   diaminopimelate 
DCl  deuterium chloride 
D2O   deuterium oxide 
EDTA  ethylenediaminetetraacetic acid 
FAD  flavin adenine dinucleotide 
FADH 2 flavin adenine dinucleotide (reduced form) 
HCS  homocitrate synthase 
Hepes   4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid 
IPTG   isopropyl-β-D-1-thiogalactopyranoside 
kDa   kilodaltons 
α-Kg   α-ketoglutarate 
 99
LB  Luria-bertani 
Mes  2-(N-morpholino)-ethanesulfonic acid 
Mops  3-(N-Morpholino)-propanesulfonic acid 
NAADP+ nicotinic acid adenine dinucleotide phosphate 
NADP+  nicotinamide adenine dinucleotide phosphate 
NADPH nicotinamide adenine dinucleotide phosphate (reduce form) 
NaOD  sodium deuterioxide 
NC   noncompetitive 
Ni-NTA  nickel-nitrilotriacetic acid 
NMN+   nicotinamide mononucleotide 
NMR   nuclear magnetic resonsnce  
NOG  N-oxalylglycine 
OAA   oxaloacetic acid 
PDB  protein data bank 
PIPOX pipecolic acid oxidase 
PMSF  phenylmethanesulfonyl fluoride 
SDH   saccharopine dehydrogenase (L-Lys forming) 
SDS   sodium dodecyl sulfate 
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SEM  standard error of the mean 
SR   saccharopine reductase 
Tris   tris-(hydroxymethyl) aminomethane 
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UC   uncompetitive 




Role of D125, Y99F and C154S in the reaction of saccharopine 






Recently, a chemical mechanism was proposed for saccharopine reductase 
from Saccharomyces cerevisiae, on the basis of pH dependence of the kinetic 
parameters, primary deuterium kinetic isotope effects and solvent kinetic deuterium 
isotope effects (Scheme I-1) (1). The reaction begins with all reactants bound which 
requires the α-amine of L-glutamate protonated and NADPH bound with its 2'-
phosphate ion paired with R34 on enzyme. On the basis of the substrate bound 
ternary structure of SR from M. grisea (2), a plant pathogen, the α-carboxylates of L-
glutamate and AASA are within hydrogen bond distance to arginine residues, while 
the γ-carboxylate of L-glutamate is within hydrogen bond distance to a tyrosine and 
serine. Two groups are involved in the acid-base chmistry of the reaction.  An 
enzyme group with a pKa of 5.6-5.7, accepts a proton from the α-amine of glutamate 
to generate the neutral amine that can act as a nucleophile (II).  The α-amine of 
glutamate attacks the carbonyl of the semialdehyde to generate the carbinolamine, 
which is protonated by a second enzyme group with a pKa of about 7.8-8, which may 
be D125 (III).  A proton is accepted from the carbinolamine (III), to give the neutral 
carbinolamine (IV), which can then collapse, expelling water with a proton donated 




































































































Scheme I-1. Proposed chemical mechanism of saccharopine reductase 
 
(VI), which is protonated by B1 (VII), and saccharopine is released. 
Crystal structures of saccharopine reductase from S. cerevisiae and M. grisea 
have been reported (3, 2). Structures of the M. grisea apo form and ternary, E-
NADPH-saccharopine, complex of SR were solved to 2.0 and 2.1 Å, respectively. 
Structure of the S. cerevisiae apo form was solved to 2.1 Å while no structure has yet 
been solved for substrate bound SR from S. cerevisiae. SR from Magnoportha grisea 
shows 63% sequence identity and 78% sequence homology to the enzyme from S. 
cerevisiae in terms of sequence conservation. Comparison of the active site 
superimposed structure of SR from Magnoportha grisea and S. cerevisiae shows that 
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all the residues in the active site are completely conserved, Fig. I-1.  A possible role 
as general base was proposed for D125, C154 and/or Y99, in accepting a proton 
from the water molecule to facilitate the hydrolysis of imine (IV and V in Scheme I-
1). Multiple sequence alignment results show that Y99, D125 and C154 are highly 
conserved in SR from various organisms (see appendix IV) and are in a position to 
act as a general base in the reaction activating water molecule to attack the 
protonated imine intermediate. The distance between th  closest oxygen of D125 and 
the 2o amine nitrogen of saccharopine is long enough (5.57 Å) to accommodate a 
water molecule. 
 To date, the identity of the general acid-base catalyst of SR is unknown. In 
this study, site-directed mutagenesis was used to change three active site residues, 
and the resulting mutant enzymes were characterized using initial velocity studies, 
the pH dependence of the kinetic parameters, and isotope effects. Data combined 
with the available structures of SR from S. cerevisiae and M. grisea suggest that 
D125, C154 and Y99F residues are important in the reaction but none of these 
residues function as a general base to deprotonate the water molecule to facilitate the 
hydrolysis of imine. It is thus possible that sacchaorpine shows anchimeric assistance 
and the amino group of saccharopine acts as the genral base to deprotonate the 
water molecule. 
 
I-2. Materials and Methods 
 
I-2-1. Chemicals and enzymes 
 L-Saccharopine and L-glutamic acid were from Sigma.  β-NADPH and β- 
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NADP were purchased from USB.  Mes, Mops, Ches and Hepes were obtained from 
 
Fig. I-1: Close-up view of the active site of saccharopine reductase from M. grisea (PDB code 
1E5Q). Residues that interact with saccharopine and their hydrogen-bonding distances are 
shown. The following color scheme is used: C, green, O, red, N, blue; and P, orange. This figure 




Research Organics. Deuterium oxide (99 atom % D) was purchased from Cambridge 
Isotope Laboratories, Inc.  All other chemicals were of the highest grade available 
and were used as purchased. 
Cell growth, expression of wt, and mutant enzymes purification were carried 
out as reported previously (4). 
 
I-2-2. Generation of mutant enzymes 
The D125A, C154S, Y99F, D125A-C154S, D125A-Y99F and C154S-Y99F 
mutant enzymes were prepared using the Quick Change site-directed mutagenesis kit 
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(Stratagene), in accordance with the recommendations of the manufacturer. 
Aspartate 125 was mutated to alanine utilizing the following forward and 
reverse primers: D125Af (5′CGA AAT TGG GTT GGC TCC AGG TAT CGA 
CC3′) and D125Ar (5′GGT CGA TAC CTG GAG CCA ACC CAA TTT CG3′). 
Cysteine 154 was mutated to serine utilizing the following forward and reverse 
primers: C154Sf (5′CTT GTC ATA CTC TGG TGG TTT ACC3′) and C154Sr 
(5′GGT AAA CCA CCA GAG TAT GAC AAG3′), while the tyrosine 99 to 
phenylalanine mutation utilized the following primers: Y99Ff (5′CGT CAC TTC 
CTC TTT CAT CTC ACC TGC3′) and Y99Fr (5′GCA GGT GAG ATG AAA GAG 
GAA GTG ACG3′). The point mutation codons are underlined. The entire mutant 
gene was sequenced for each mutant enzyme and the nucl otide sequences of the 
mutant enzymes were confirmed. Initial velocity studies, pH studies, solvent 
deuterium kinetic isotope effect studies and viscosity tudies were carried out as 
described in chapter 2 and 3.    
Initial velocity data at pH 7.0 and 9.0 for D125A, C154S, Y99F, D125A-












Vυ       (2) 
     pH rate-profiles that exhibited a slope of 1 at low pH and -1 at high pH were 
fitted using eq. 3, while those that exhibited a slope of 1 at low pH were fitted using 
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 I-3. Results 
In order to obtain information concerning the  identity of the acid-base 
catalysts in the proposed chemical mechanism of SR, initial velocity parameters 
were obtained for D125A, C154S, Y99F, D125A-Y99F, and D125A-C154S mutant 
enzymes and the pH dependence of kinetic parameters was determined. 
 
I-3-1. Initial Velocity Studies at pH 7.0 and pH 9.0 
In the forward reaction direction, initial rates were obtained by varying one 
substrate around its Km and saturating with the others. In the direction of glutamate 
formation the initial rate was measured as a functio  of saccharopine at different 
fixed concentrations of NADP.  Estimates of kinetic parameters for D125A, C154S, 
Y99F, and D125A-Y99F, D125A-C154S mutant enzymes ar summarized in Table 
I-1. Kinetic parameters obtained in the reverse reaction d rection are summarized in 
Table I-2. 
I-3-2.  pH Dependence of Kinetic Parameters  
The pH dependence of kinetic parameters provides information on groups 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































(5). The pH dependence of kinetic parameters for the D125A, C154S, Y99F, and 
D125A-Y99F, and D125A-C154S mutant enzymes was determin d, and the results 
are shown in Figures I-2 and I-3.  
In the direction of AASA formation, V2/KSaccEt decreases at low and high pH 
for D125A, C154S, Y99F, and D125A-Y99F mutants. pKa values along with the pH-
independent values of kinetic parameters are summarized in Table I-3. 
 
I-3-3.  Effect of Solvent Deuterium and Viscosity  
Initial rates were measured at saturating NADP, varying saccharopine over 
the pH(D) 9.0. Solvent isotope effects were calculated as the ratio of the pH(D) 
independent values of V2/KSacc. for D125A, C154S, and Y99F mutants enzymes. The 
values of solvent deuterium kinetic isotope effects for D125A, C154S, and Y99F 
mutants enzymes are 1.9 ± 0.6, 4.2 ± 0.7, and 1.9 ± 0.2 for D2OV2/KSacc. 
Glycerol was used as a viscosogen for the mutant enzymes. The ratio of the 
values of V2/KSaccharopine determined in H2O and at a relative viscosity of 1.24 are 
within error equal. Therefore, the values of the observed solvent isotope effects, 
D2O(V2/Ksacc) for the mutants, result from a classical isotope eff ct and not from an 
effect of the increased viscosity of 100% D2O. 
 
I-4. Discussion 
Initial velocity from Table I-1 suggests that the residues D125A, C154S, Y99F are 





Figure I-2. pH dependence of kinetic parameters in the direction of glutamate formation for 
D125A, C154S, and Y99F mutant enzymes. pH dependenc of: A. (V2/KSacc)Et for D125A; B. 
(V2/KSacc)Et for C154S; C. (V2/KSacc)Et for Y99F. All data were obtained at 25°C. Points are 





Figure I-3. pH dependence of kinetic parameters in the direction of glutamate formation for 
D125A-C154S, and D125A-Y99F mutant enzymes. pH dependence of: A. (V2/KSacc)Et for D125A-
C154S; B. (V2/KSacc)Et for D125A-Y99F. All data were obtained at 25°C. Points are 
experimental, while curves are based on a fit of the data to eq. 4 (A) or 3 (B). 
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Table I-3. Summary of pKa values for log V2/KSaccEt profile for D125A, C154S, Y99F, and 
D125A-Y99F, and D125A-C154S mutant enzymes in the Direction of glutamate Formation. 
 
 
Enzyme pK1 pK2 pH Independent value 
(M-1s-1) 
wt 7.6 ± 0.1 9.9 ± 0.2 (2.9 ± 0.5) x 104  
D125A 8.8 ± 0.3  9.9 ± 0.3 (1.0 ± 0.3) x 104  
C154S 8.1 ± 0.2 10.3 ± 0.2 73.7 ± 7.5 
Y99F 7.1 ± 0.4 9.5 ± 0.3 11.1 ± 1.7  
D125A-Y99F 9.3 ± 0.2 10.3 ± 0.5 85.5 ± 22.3 
D125A-C154S 8.5 ± 0.2 N/A  56.1 ± 7.8 
 
N/A is not applicable. 
 
values for the mutants. The pH dependence of kinetic parameters for the D125A, 
C154S, Y99F, D125A-Y99F, and D125A-C154S mutant enzymes indicate that these 
residues do not play the role of general acid-base catalysts in the chemical 
mechanism of SR. Solvent isotope effects for D125A, and Y99F mutants are close to 
that of the wild type enzyme indicating that protons are in flight in the rate-
determining step corroborating the proposed chemical mechanism. The solvent 
deuterium kinetic isotope effect for the C154S mutant is 4.2, higher than the 
corresponding isotope effect observed for the wild type enzyme. This value is close 
to the theoretical maximum value which can be obtained for the primary deuterium 
kinetic isotope effect suggesting that the proton tra sfer step is greatly rate limiting 
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for the C154S mutant. As proposed in the chemical mechanism of SR, this step is 
most likely the conformational change involving opening the active site and release 
of products. 
Site directed mutagenesis studies showed that the residues D125, Y99F and 
C154 are important for the SR reaction but these reidu s do not act as the general 
acid-base catalysts in the chemical mechanism of SR. It is possible that the substrate 
itself provides anchimeric assistance to catalyze the reaction. Further studies need to 
be carried out to test this proposition by chemical modification of the primary amino 
group of saccharopine using formamidation and carrying dead-end inhibition studies 
using the formylated derivative. Alternate substrate studies should also be carried out 
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 Extensive inhibition studies have been carried out using analogs of 
saccharopine and nicotinamide adenine dinucleotide to gain information about the 
saccharopine and dinucleotide binding pocket and to determine the substrate 
specificity.   
 




L-Saccharopine, L-glutamate, AMP, ADP, ADP-ribose, NMN, NAADP, 
2′,3′-cyclic NADP, 2', 5' ADP, NAD3'P, thio-NAD, 3-APADP, thio-NADP, α-
ketobutyrate, α-ketovalerate, glutarate, pyridine 2,4-dicarboxylate, pyridine 2, 3-
dicarboxylate, pyridine 2,5-dicarboxylate, benzamidine, camphoric acid, L-
pipecolinic acid, and isonicotinic acid were obtained from Sigma. β-NAD(P)H and 
β-NAD(P) were purchased from USB. Hepes, and Ches were from Research 
Organics, Inc. All other chemicals and reagents were used without further 
purification. 
 
II-2-2. Alternate Substrate Studies  
In order to check if we can substitute the dinucleotide with another substrate, 
reduced thio-NADP was used as an alternate substrate for NADPH in the forward 
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reaction direction at pH 7.0. 
 
II-3. Results  
 
II-3-1. Dead end inhibition studies Forward Reaction Direction 
To gain information regarding the substrate binding pocket, and the reactant 
binding determinants, dead end inhibition experiments were carried out using a 
variety of inhibitory analogues in the forward reaction direction at pH 7.0 and in the 
reverse reaction direction at pH 9.0. Some of these compounds did not show any 
inhibition in the forward reaction direction at pH 7.0 and are summarized in Fig. II-2, 
Fig. II-3. Those compounds that acted as inhibitors in the forward reaction direction 
are summarized in Fig. II-1. The dead end inhibition constants for the dead end 
analogues of L-glutamate and AASA are summarized in Table II-1. 
 
II-3-2. Dead end inhibition studies Reverse Reaction Direction 
 Dead-end analogues of L-saccharopine and NADP were employed in order to 
study the binding determinant. Analogues of NADP and L-saccharopine which 
showed inhibition are summarized in Table II-2 and Table II-3 along with their 
apparent Ki values. 
 
II-3-3. Alternate Substrate Studies 
In the forward reaction direction, thio-NADP was employed as a substitute 
for NADPH and the app Km of thio-NADP was found to be 500 µM and saturation 
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Table II-1. Summary of L-glutamate and AASA analogues inhibition studies  
in the forward reaction direction at pH 7.0  
 
Inhibitor Pattern vs. AASA Pattern vs. L-glutamate 






=26 ± 2.3 mM 
K
ii 
=75 ± 10 mM 
K
is 




= 145 ± 30 mM 
K
I 






= 28 ± 1.7 mM 
K
ii 
= 72 ± 8 mM 
K
is 




= 132 ± 10 mM 
K
ii 
= 62 ± 10 mM 
K
is 






= 19 ± 1 mM 
K
ii 
= 10 ± 1 mM 
K
is 




= 58.4 ± 1.7 mM 
K
I 






= 14 ± 2 mM 
K
I 




= 95 ± 9 mM 
K
ii 
= 34 ± 4 mM 
K
is 
= 93 ± 18 mM 






= 18 ± 2 mM 
K
I 




= 38 ± 2 mM 
K
I 
= 23 ± 1 mM 






II-4-1. Dead end inhibition studies  
The app Ki value of 3-APADP reduced form is almost the same as th t for the 
substrate NADPH which means that 3-APADP reduced form binds as well as 
NADPH suggesting that most of the binding energy is coming from the ADP and the 
pyridine ring and hence the replacement of amide group with acetyl group does not 
result in much change in binding. The only differenc  between NADPH and 3- 
APADP reduced form is the replacement of amino group by methyl group. Net 
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charge 
  Table II-2. Summary of app Ki values for L-Saccharopine  










charge on both NADPH and 3-APADP reduced form is -4 which is required for 
binding. In AMP the nicotinamide portion is missing and the charge is reduced to -2 
which affects the binding resulting in an increase in the app Ki value by 4 times 
indicating that the second phosphate is also requird for proper binding in the active 
site. For ATP, the charge is -4 but instead of two ph sphate groups we have three 
phosphate groups which might actually hinder the binding. Also, the nicotinamide 
portion is missing resulting in high value of the app Ki as compared to NADPH. 
L-saccharopine and NADP analogues were used to probe the substrate binding 
site of SR. Glutaric acid has an appKi value comparable to the true dead-end 
inhibition constants of ornithine, glyoxylic acid, and ketoglutarate, which are all 
competitive inhibitors vs. saccharopine (1). Pyridine 2, 4-dicarboxylic acid and 
isonicotinic acid have carboxylate groups which bind to SR but the binding of these 
compounds is poor as compared to the aliphatic dicarboxylic acid derivatives used 
before (1). The reason for poor binding of these analogues could be the presence of 
Inhibitor app Ki 
Glutaric acid 9 mM 
Benzamidine 127 mM 
Pyridine 2, 4 dicarboxylate 165 mM 


















































































































3-acetylpyridine adenine dinucleotide  
 
 








   
   Table II-3. Summary of app Ki values for NADPH/NADP analogues  
 
Inhibitor appKi 
ATP 200 µM 
2', 3' cyclic NADP 44 µM  
AMP 42 µM 
3-APADP (reduced) 12 µM 
β-NMN 15 mM 
NAADP 45 µM 
2', 5' ADP 2.5 mM 
β-NAD3'P 6 mM 
Thio-NAD 2 mM 
3-APADP 0.5 mM 
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the bulky benzene ring in these inhibitors which could cause steric hindrance for 
binding in the active site. Another plausible explanation for high value of apparent 
inhibition constant for pyridine 2, 4-dicarboxylic acid could be that the two 
carboxylate groups are in a rigid non-optimal positi n and this might cause problems 
with binding SR. 
 
 II-4-2. Alternate Substrate Studies 
Thio-NADPH is an analogue of NADPH in which the carbonyl group is 
replaced by a thio group. Thio-NADPH has a very high app Km value as compared to 
NADPH and the possible reason could be the presence of a more polarizable sulphur 
atom in thio-NADPH as compared to NADPH. Also, sulphur is much bigger than 
oxygen and the electronegativity is considerably less. All these factors in 
combination could result in hindering the binding of thio-NADPH due to steric 






1. Vashishtha, A. K., West, A. H., and Cook, P. F. (2008) Overall kinetic 
mechanism of saccharopine dehydrogenase from Saccharomyces cerevisiae, 













 In order to carry out inhibition studies to elucidate the kinetic mechanism of 
SR, several saccharopine, AASA, and glutamate analogs were tested in both reaction 
directions. Some of these potential inhibitors turned out to be activators of the 
enzyme. 
  
III-2. Materials and Methods 
 
III-2-1. Chemicals 
L-glutamic acid, adipic acid, 6-aminohexanoic acid, itric acid, malonic acid,  
oxamic acid, pyruvic acid, succinic acid, tartaric acid were from Sigma. β-NADPH 
and β-NADP were purchased from USB. Hepes was obtained from Research 
Organics. All chemicals were of the highest grade avail ble and were used as 
purchased. 
  
III-2-2. Activation studies at pH 7.0 
The SR reaction was followed by monitoring the appearance or 
disappearance of NADPH at 340 nm (ε340, 6220 M
-1cm-1) using a Beckman DU-640 
spectrophotometer. All assays were carried out at 25 °C. Studies were carried out by 
measuring the initial velocity with fixed substrates qual to their respective Km 
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values, and varying the concentration of the activator. The appKact was then 
calculated from a plot of 1/υ vs. I. 
 
III-2-3. Studies using amino adipic acid at pH 7.0 
 In order to obtain information regarding the effect of amino adipic acid on 
kinetic parameters, patterns were obtained using NADPH vs. AASA at fixed 
different concentrations of amino adipic acid.   
 
III-3. Results and Discussion 
 The appKact values for the activators are summarized in Table III-1 and the 
structures of these activators are summarized in Fig. III-1. Aminoadipic acid studies 
show that Vmax is not greatly affected but the V/Ka value is affected (which represents 
the free enzyme form) hence aminoadipic acid binds to the free enzyme suggesting 
that there might be an allosteric site on the enzyme resulting in binding of 
aminoadipic acid to that site and affecting the V/Ka value while the V/Kb value is not 
affected, Table III-2. 
The reason for the activation behavior of these compounds is not known, but 
it can be suggested that these compounds probably bind to the E:NADP binary form 






           Table III-1. Summary of apparent activation constants in forward reaction direction  
            at pH 7.0 
 
            
 















    Table III-2. Summary of kinetic parameters using amino adipic acid in forward reaction 
     direction at pH 7.0 
 
Adipate (mM) 0 10 20 40 
KNADPH (µM) 35 ± 6 39 ± 4 30 ± 4 24 ± 3 
KIAASA (mM) 5 ± 1 5.7 ± 0.6 5.4 ± 1 5.6 ± 0.8 
V x 10-3 (mM min-1) 19 ± 2 20 ± 2 20 ± 4 20.5 ± 1.4 
V/KNADPH (min








Structure appKact  Fold Activation 
Adipic acid 10 mM 1.5 
6-aminohexanoic acid 8 mM 1.5 
Citric acid 10 mM 1.9 
Malonic acid 5 mM 1.8 
Oxamic acid 8 mM 1.6 
Pyruvic acid 5 mM 1.4 
Succinic acid 8 mM 1.6 













Multiple Sequence Alignments 
 
 
IV-1. Results and Discussion 
 
 Multiple sequence alignments were carried out for saccharopine reductase 
(SR) from Saccharomyces cerevisiae, Magnoporthe grisea, Schizosaccharomyces 
pombe, Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans 




S. cerevisiae      ------------------------------MGKNVLLLGSGFVAQPVIDT 20 
M. grisea          ------------------------------MVKKVLLLGSGFVAKPTVDI 20 
S. pombe           -----------------------------MATKSVLMLGSGFVTRPTLDV 21 
A. fumigatus       -------------------------MVKQIAGSKVLLLGSGFVTKPTVEV 25 
C. albicans        -------------------------------MPSILLLGSGFVAHPTLEY 19 
C. neoformans      HEWLGGKIEQWKTGGAVAPDSLKQEKLRKGGKKKVLLLGSGLVAGPAVDV 500 
                                                    .:*: **** :*: *.::  
 
                   
                                34                                                                           
S. cerevisiae      LAANDDINVTVACRTLANAQALAKP-SGSKAISLDVTDDSALDKVLADND 69 
M. grisea          LSEQPDIEVTVACRTLSKAKELAG--DKAQAISLDVTDAAQLDEQVAKHD 68 
S. pombe           LT-DSGIKVTVACRTLESAKKLSAGVQHSTPISLDVNDDAALDAEVAKHD 70 
A. fumigatus       LT-KADVHVTVACRTLESAQKLCQGFPNTKAIALDVNDAAALDKALEQAD 74 
C. albicans        LSRRKENNITVACRTLSKAEAFINGIPNSKAIALDVNDEAALEKAVSEHD 69 
C. neoformans      FAARPDVHLIIASNNLAEGQSHIRGRPNVEAMALDVADDASMSEIVEEAD 550 
                   ::     .: :*...* ..:          .::***  * : :.  : . * 
 
                                                                                          
9899 
S. cerevisiae      VVISLIPYTFHPNVVKSAIRTKTDVVTSSYISPALRELEPEIVKAGITVM 119 
M. grisea          LVISLIPYTFHVNVVKSAIKNKKNVVTTSYINPQLKALEKEIEEAGITVM 118 
S. pombe           LVISLIPYTFHATVIKSAIRQKKHVVTTSYVSPAMMELDQAAKDAGITVM 120 
A. fumigatus       LAISLIPYTFHALVIKSAIRTKKHVVTTSYVSPAMMELDEECKKAGITVM 124 
C. albicans        LTISLIPYTYHATVMKAAIKHGKHVCTTSYVNPKMAELEEAAIKAGSICM 119 
C. neoformans      IVVSLLPAPMHLRVAKHCLDHSRHLVTASYVSPELQALHSQAIEKDVIFL 600 
                   :.:** :* . *  * *  .:   .:  *:** :*    :*.    . .  : 
 






                       125 129                      154 
S. cerevisiae      NEIGLDPGIDHLYAVKTIDEVHRAGGKLKSFLSYCGGLPAPEDSDNPLGY 169 
M. grisea          NEIGLDPGIDHLYAVKTIEEVHKAGGKIVSFLSYCGGLPAPENSDNPLGY 168 
S. pombe           NEIGLDPGIDHLYAIKTIEGVHAAGGKIKTFLSYCGGLPAPESSDNPLGY 170 
A. fumigatus       NEIGLDPGIDHLYAVKTISEVHAEGGKITSFLSYCGGLPAPECSDNPLGY 174 
C. albicans        NEIGVDPGIDHLYAIKTIEEVHKAGGKIKSFLSYCGGLPAPEDSNNPLGY 169 
C. neoformans      GECGLDPGIDSMAAMRILERAKREGKQVKSFVSWCGGLPELSASKVPLRY 650 




S. cerevisiae      KFSWSSRGVLLALRNSAKYWKDGKIETVSSEDLMAT-AKPYFIYPGYAFV 218 
M. grisea          KFSWSSRGVLLALRNQAKYWLDGKVIDISSEDLMAS-AKPYFIYPGYALV 217 
S. pombe           KFSWSSRGVLLALRNAASFYKDGKVTNVAGPELMAT-AKPYFIYPGFAFV 219 
A. fumigatus       KFSWSSRGVLLALRNAAKFYQDGKEFSVAGPDLMAT-AKPYYIYPGYAFV 223 
C. albicans        KFSWSSRGVLLALRNSAKFYENGKLVEIDGKDLMET-AKPYFIYPGYAFV 218 
C. neoformans      KFSWSPKAVLTAAQNDASYKLEGKHVKIPGNELLARRFPEVKLWDGLPLE 700 
                   ***** .:.**  *:* *.:  : **    : . :*:        :: * .:  
 
                      223                   244 246             
S. cerevisiae      CYPNRDSTLFKDLYHIPEAE---TVIRGTLRYQGFPEFVKALVDMGMLKD 265 
M. grisea          CYPNRDSTTYKELYNIPEAQ---TVIRGTLRFQGFPEFIKVFVDLGFLKD 264 
S. pombe           AYPNRDSTPYKERYQIPEAD---NIVRGTLRYQGFPQFIKVLVDIGFLSD 266 
A. fumigatus       AYPNRDSCPYRERYQIPEAQ---TVIRGTLRYQGFPEMIKVLVDIGFLSD 270 
C. albicans        CYPNRDSTVYQERYQIPEAE---TIIRGTLRYQGFPEFIHCLVDMGFLDE 265 
C. neoformans      GLANRDSMPYAKKYGLGPAEGLTDLFRGTLRYQGFSSLLESFRLLGLLRS 750 
                     .****   : . * :  *:    :.***** :*** ..::.: : *:* . 
 
 
S. cerevisiae      DAN----EIFS---KPIAWNEALKQYLGAKSTSKEDLIAS-IDSKATWKD 307 
M. grisea          EPM----EIFS---KPGPWNKALAELVGAKSSSEQDIIDK-INQLTKFKS 306 
S. pombe           EEQ----PFLK---EAIPWKEATQKIVKASSASEQDIVST-IVSNATFES 308 
A. fumigatus       EAK----DFLN---SPIPWKEATQKILGATSSDEKDLEWA-IASKTTFTD 312 
C. albicans        TAQ----EYLSPEAPALPWKEVTARVIKAESSSEADLIKK-ISSIHKFKD 310 
C. neoformans      DPLPGSP---------KSWTEFLSMTVERELGLSKGLKGEDVNSAVQDLV 791 
                                    . *.:     :      . .:    : .       
 
 
S. cerevisiae       DEDRERILSGFAWLGLFSDAKITPR-------GNALDTLCARLEELMQYE 350 
M. grisea           PEDQERILAGFRWLGLFSENQITPR-------GNPLDTLCATLEELMQYE 349 
S. pombe            TEEQKRIVAGLKWLGIFSDKKITPR-------GNALDTLCATLEEKMQFE 351 
A. fumigatus        NDSRNRLISGLRWIGLFSDEQITPR-------GNPLDTLCATLERKMQYG 355 
C. albicans         EDDKKRILNGLKWLGMFSSKPVTPR-------GNPLDTLCATLEELMQYE 353 
C. neoformans       GEGSKDVIRALKLFSLFPGSDTSLLPLPNLSTPSPIDFFAHLLSRKLAYL 841 
                     :  : :: .:  :.:*.    :          ..:* :.  *.. : :  
 
 
S. cerevisiae       DNERDMVVLQHKFGIEWADGTTETRTSTLVDYGKVGG---YSSMAATVGY 397 
M. grisea           KGERDLVILQHKFGIEWANGTKETRTSTLVDYGDPNG---YSSMAKLVGV 396 
S. pombe            EGERDLVMLQHKFEIENKDGSRETRTSSLCEYGAPIGSGGYSAMAKFVGV 401 
A. fumigatus        PGERDMVMLQHKFGIEHKDGSKETRTSTLVEYGDPNG---YSAMAKTVGV 402 
C. albicans         EGERDMLILQHKFEVETKEGKRQTRTCTLLDYGVPNG---YTSMAKLVGV 400 
C. neoformans       PDERDTCLLHHSFTISTPSGDTQKVTASLRHMATPTQ----SSMSITVGK 887 






S. cerevisiae       PVAIATKFVLDGTIKGPGLLAPYSPEINDPIMKELKDKYGIYLKEKTVA- 446 
M. grisea           PCAVATKQILSGELSKKGLLAPMSSDINDSIMKELKDKYDIYLVEKTI-- 444 
S. pombe            PCAVAVKFVLDGTISDRGVLAPMNSKINDPLMKELKEKYGIECKEKVVA- 450 
A. fumigatus        PCGVAVKLVLDGTISQKGVLAPMTWDICEPLLKTLKEEYGIEMIEKTV-- 450 
C. albicans         PCGVATQQILDGVINTPGVLAPNDMKLCGPLIDTLAKEG-IRLEEEIIDE 449 
C. neoformans       TLAFAALRIADGEVKVRGVTGPYEPEVWAGVLSSLEGAGVVIEEKWH--- 934 




aIn the multiple sequence alignment, ., :, and * indicate that these corresponding 
residues are semi-conserved, conserved, and identical respectively. 
 
 
                           Fig. IV-1: Structure of SR from S. cerevisiae. The red regions represent the  
                           non-conserved amino acids relative to the structure from M. grisea 
 
  The multiple sequence alignment shows that the residu s D125, C154 and 
Y99F in the saccharopine bound active site structure of saccharopine reductase from 
M. grisea are completely conserved in S. cerevisiae, C. albicans, A. fumigatus, S. 
pombe, and C. neoformans indicating that these residues are important in the reaction 
catalyzed by saccharopine reductase. These three residues are possible candidates for 
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the acid-base catalysts in the reaction and these are shown in bold in the alignment 
results along with R34 residue which is believed to bind to the 2' phosphate group of 
NADPH. The residues bound to the dinucleotide in the active site are also shown in 
bold along with other residues which are completely conserved in S. cerevisiae, M. 
grisea, C. albicans, A. fumigatus, S. pombe, and C. neoformans. The tertiary 
structure of SR from S. cerevisiae is shown in Fig. IV-1, the red regions in the figure 
show the non-conserved amino acid residues between S. cerevisiae and M. grisea. 
Andi et al. has reported that a total of 92 out of 446 amino acids (21%) are different. 
In domain I, 42 out of 176 residues differ, 24 out f 167 residues differ in domain II, 
and in domain III 26 out of 103 residues are different (1). Domain II shows the 
maximum number of conserved residues, suggesting that this domain plays an 
important role in substrate binding. All residues in the active site of SR involved in 
substrate binding are completely conserved in S. cerevisiae, M. grisea, C. albicans, 
A. fumigatus, S. pombe, and C. neoformans. The non conserved residues in SR from 






1. Andi B., Cook P. F., West, A. H., (2006), Crystal structure of the his-tagged 
saccharopine reductase from Saccharomyces cerevisiae at 1.7-Å resolution. 







Pipecolic acid oxidase and coupled assay of saccaropine reductase 
from Saccharomyces cerevisiae 
 
 





L-Pipecolic acid oxidase (PIPOX) is a peroxisomal enzyme found in 
monkeys and humans that participates in lysine degradation via L-pipecolic acid (1-
6). L-pipecolic acid is involved in the major lysine oxidation pathway in the brain (7-
9). PIPOX belongs to the oxidoreductase class of enzymes. The reaction catalyzed 
by PIPOX involves the oxidation of pipecolic acid to produce α-aminoadipate-δ-
semialdehyde (AASA) and the in vitro activity requires oxygen, which is reduced to 













Pipecolic acid Piperidine-6-carboxylic acid AASA  
Piperidine-6-carboxylic acid is the product of the first step of the reaction and 
under neutral conditions (pH 7-9), this product spontaneously undergoes ring 
opening to form AASA. The oxidation of pipecolic acid by pipecolic acid oxidase 




the enzyme activity is reduced significantly when nitrogen is bubbled through the 
reaction mixture (10). 
 
V-1-2. Significance of L-Pipecolic acid oxidase 
Two different pathways for lysine degradation exist n mammals, the 
saccharopine pathway and the pipecolic acid pathway, hich leads to the formation 
of pipecolic acid via ∆1-piperidine-2-carboxylate reductase (11-15). The 
saccharopine pathway is the primary route of degradation of lysine in most tissues 
with the exception of the brain, when the L-pipecolate pathway is most active (14). 
L-pipecolate oxidase (PIPOX) an enzyme in the L-pipecolate pathway localized in 
peroxisomes. 
L-Pipecolic acid oxidase plays a significant role in the lysine degradation 
pathway in brain and liver in humans and the activity of this enzyme is reduced 
significantly in patients with disorders of peroxisomal biogenesis, such as Zellweger 
syndrome (an inborn genetic disorder) (16, 17) in which L-pipecolic acid, the 
substrate for PIPOX accumulates in the brain and liver, and these disorders present 
with severe neurological dysfunction and profound mental retardation and are 
associated with the loss of most peroxisomal metabolic functions (18). Zellweger 
syndrome is associated with the complete loss of PIPOX activity. 
 
V-1-3. Expression, purification, and characterization  




induction is prevented in the presence of ammonia, suggesting that ammonium 
prevents the uptake of pipecolic acid, as occurs with other amino acids in P. 
chrysogenum (19). The molecular weight of the enzyme from Rhodotorula glutinis 
has been reported to be approximately 43, 000 Da and it consists of a single subunit. 
PIPOX purified from Rhesus monkey liver is a yellow monomer, has a molecular 
weight of 46,000 by sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
while using gel filtration it was calculated to be about 28,000 Da and a PI of 8.9 (16). 
In R. glutinis, lysine biosynthesis occurs through the AAA pathway (20). The 
pathway for the conversion of pipecolic acid to lysine has been elucidated only in R. 
glutinis. In Aspergillus nidulans (1), Euglena gracilis (21), and R. glutinis, pipecolic 
acid plays a nutritional role in the biosynthesis of lysine but not in S. cerevisiae. 
PIPOX has also been reported in P. chrysogenum (19). In Metarhizium anisopliae 
and Rhizoctonia leguminicola, pipecolic acid is formed by catabolism of lysine and 
is an intermediate in the biosynthesis of alkaloid compounds (22–24). In R. glutinis 
the enzyme is heat labile and pH optimum for the reaction is 8.5. 
The pipecolic acid oxidase reaction produces AASA, which is converted 
enzymatically to saccharopine and lysine (25). In Pseudomonas putida, pipecolic 
acid is used as a carbon and nitrogen source (26).  Aspen and Meister, using 14C- and 
15N-labeled α-aminoadipic acid and [14C] lysine, showed that in Aspergillus nidulans 
the carbon chain of α-aminoadipic was the major precursor of pipecolic acid and not 
lysine, and the nitrogen atom of α-aminoadipic acid becomes the nitrogen atom of 




acid enters the lysine pathway at the level of the α-aminoadipic acid-δ-semialdehyde 
since, saccharopine reductase catalyzes the conversion of α-aminoadipic acid-δ-
semialdehyde to L-sacharopine which is then converted to L-lysine by saccharopine 
dehydrogenase. 
Human L-pipecolate oxidase is cloned and the protein contains an ADP-βαβ-
binding fold compatible with its identity as a flavoprotein. The human PIPOX has a 
KAHL sequence at the carboxy terminus which suggests that PIPOX is a typical 
peroxisomal protein (15). PIPOX has also been purified from rabbit kidney and it 
was shown that besides L-pipecolic acid, it can also utilize sarcosine, and L-proline 
as substrates. The enzyme is also called sarcosine x dase since the maximal velocity 
was obtained with sarcosine as a substrate but the catalytic efficiency of the enzyme 
is highest with L-pipecolate (15). 
Kinzel et al., has reported that the enzyme does not require any external 
cofactor and the partially purified enzyme does notsupport the presence of any 
enzyme-bound metal or flavin group, while Mihalik et al., reported that the enzyme 
contains a covalently bound flavin (10, 14). The absorption spectrum of L-pipecolic 
acid oxidase is typical of a flavoprotein with dual maxima around 340-380 and 450 
nm. The shoulder around 480 nm suggests the presenc of a tightly bound flavin. 
Ruber et al. (27) has shown that the protein is indeed a flavoprotein and the FAD 
binding site is present at the N-terminus containing a conserved histidine at position 
49 which is believed to be the covalent attachment site of FAD (28). A cysteine 




other oxidases and is believed to be the covalent attachment site for FAD in oxidases 
rather than histidine 49. If this is the case, then the histidine residue may play a role 
in flavinylation (16). 
PIPOX is inhibited by the sulfhydryl agents p-chloromercuribenzoate and 
mercuric chloride. Metal chelating agents such as α, α׳-dipyridyl, EDTA, and 1, 10-
phenanthroline do not affect the enzyme activity, while the metal-complexing 
compounds (29) cyanide and sodium azide slightly inhibit the enzyme. 
Hydroxylamine (1 mM) results in a 15% inhibition of the enzyme activity (7). 
 
 
V-2. Materials and Methods 
 
V-2-1. Chemicals  
L-pipecolic acid, L-glutamic acid, were from Sigma. β-NADPH1, β-NADP, 
and LB broth were purchased from USB. Amylose affinity resin was from New 
England Biolabs. Isopropyl-β D-1-thiogalactopyranoside was from Invitrogen, while 
ampicillin was from Fisher Biotechnologies, and HEPES was obtained from 
Research Organics. All chemicals were of the highest grade available and were used 
as purchased. 
 
V-2-2. Cell growth, expression, and protein purification  
pMal–PIPOX plasmid was a gift from Dr. Ronald Wanders (Amsterdam). 
The vector containing the insert was transformed into BL21*(DE-3) RIL E. coli cells 




picked and cells were grown overnight at 37 °C in LB media containing 100 µg/mL 
ampicillin. The cells were induced using 1mM IPTG at an A600 of 0.7-0.9, and 
allowed to grow overnight. After centrifugation at 4000g, the harvested cells were 
suspended in 20 mM Tris-HCl, pH 7.5, 1 mM EDTA, 10 mM β-mercaptoethanol and 
200 mM NaCl. For protein purification, PMSF (1 mM) was added to the cell 
suspension followed by cell disruption using a MISONIX Sonicator XL. Sonication 
was carried out on ice for 1 min using a pulse on time of 15 s followed by a 30 s rest 
period. The cell debris was removed by centrifugation at 20,400g for 15 min, and the 
supernatant was loaded onto an amylose column, washed with equilibrating buffer, 
and then eluted using buffer containing equilibrating buffer with 10 mM maltose. 
  
V-2-3. Determination of PIPOX activity using NMR spectroscopy 
In order to determine the activity of PIPOX, NMR spectroscopy was used to 
monitor the appearance of the aldehyde peak around 9.8 ppm which is not present in 
the spectra of L-pipecolic acid. NMR spectra were obtained on a Varian Mercury 
VX-300 MHz spectrometer with a Varian 4-nuclei autoswitchable PFG probe. 1H 
NMR spectra were collected in D2O using the PRESAT pulse sequence supplied by 
Varian, Inc. The spectra were collected with a sweep width of 4803.1 Hz, eight 
transients, and an acquisition time of 3.411 s and processed with 108K data points 
resulting in a 1.0 Hz digital resolution. No peaks were obtained around 9.8 ppm. 
Upon addition of PIPOX to the mixture, a single peak corresponding to the aldehyde 




peak at 9.8 ppm. The blank contained PIPOX and D2O in place of the substrate and 
no peaks around 9.8 ppm were seen. 
  
V-2-4. Time Course Study for AASA Formation 
 To determine the time course for the formation of AASA, the reaction 
mixture after addition of PIPOX was monitored every 5 minutes for the peak at 9.8 
ppm. The peaks at 9.8 ppm were integrated and the integrals were plotted against 
time, Fig. V-1. The plot shows an initial busrt and buildup of AASA followed by a 
steady phase in which the concentration of PIPOX is stabilized and upon taking the 
NMR spectra after two days, no peak around 9.8 ppm is observed indicating that 
AASA is unstable and is lost over time. When PIPOX was assayed for activity as a 
function of time, it was observed that PIPOX looses activity over time when kept at 
4 °C. Attempts to stabilize the enzyme using 20 % glycerol at -20 °C were 
successful. 
 
V-2-5. Enzyme assay  
The SR reaction was followed in the forward reaction direction by monitoring the 
disappearance of NADPH at 340 nm (ε340, 6220 M
-1cm-1) using a Beckman DU-640 
spectrophotometer. All assays were carried out at 25 °C. A typical assay in 500 µL 
contained 100 mM HEPES, pH 7.0, and appropriate concentrations of substrates 
along with FAD which acts as the oxidizing agent and catalase which is used to 




        
Fig. V-1. Time course for formation of AASA at pH 7.0. The spectra were collected on a Varian 
Mercury VX-300 MHz spectrometer every 5 minutes to monitor the appearance of the aldehyde 






Fig. V-2: Coupled reaction scheme employed to study the saccharopine reductase reaction in the 
forward reaction direction. Pipecolic acid is converted to piperidine-6-carboxylic acid using 
PIPOX which spontaneously hydrolyses in the presence of water to give AASA which is used in 
a coupled reaction along with L-glutamate and NADPH to produce L-saccharopine. The 







Reaction was initiated by adding 10 µL of appropriately diluted saccharopine 
reductase in 100 mM HEPES, pH 7.0. All enzyme dilutions were made fresh for 
each set of experiments. The coupled assay scheme is shown in Fig. V-2. 
 
V-3. Results and Discussion 
 The transformation of pMal–PIPOX plasmid in BL21*(DE-3) RIL E. coli 
cells was successful and the enzyme expressed but the expression was not very good. 
PIPOX was purified using an Amylose affinity resin a d the SDS-PAGE showed 
that the protein is not 100% pure and contains several other proteins in elute. 
Activity assays were performed using PIPOX and L-pipecolic acid and the formation 
of AASA was monitored using NMR spectroscopy. The appearance of peak around 
9.8 ppm confirmed the formation of AASA and this result is corroborated by the 
controls employed to study the reaction. PIPOX was found to be unstable when 
stored at 4 °C. Attempts to stabilize the enzyme using 20 % glycerol at -20 °C were 
successful. AASA was found to be stable over a short pe iod of time which was 
enough to perform the coupled assay for SR but the prolonged storage resulted in a 
loss of the compound.  Coupled assay was performed using PIPOX to generate the 
AASA in situ and coupling this reaction to the SR reaction resulting in the formation 
of L-sacharopine. Several attempts were made to optimize the conditions for the 
coupled assay but unfortunately, the coupled assay did not work. In order for the 
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